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Abstract: Zusammenfassung Pyrogene organische Substanz (PyOM) ist das Produkt unvollst¨ ndiger
Verbrennung von a Biomasse und tr¨ gt einen bedeutenden Anteil zur organischen Bodensubstanz in
Wald- a und Landwirtschaftsb¨ den bei. PyOM wird entweder durch nat¨ rliche Br¨ nde (Holzkoh- o u a
le) oder durch k¨ nstliche Pyrolyse landwirtschaftlicher Nebenprodukte (Biokohle) erzeugt. u Ergebnisse
von Abbaustudien (Inkubationsexperimente) sowie alte Radiokarbonalter von PyOM weisen darauf hin,
dass PyOM eine relativ lange Umsatzzeit besitzt. Es bestehen jedoch grosse Unsicherheiten bez¨ glich der
Bedeutung der verschiedenen Verlustprozes- u se von PyOM aus B¨ den (Mineralisierung, Auswaschung),
dessen Raten, sowie bez¨ glich o u m¨ glichen Wechselwirkungen mit der restlichen (nativen) organischen
Bodensubstanz. Um o den Einfluss von PyOM auf den globalen Kohlenstoffkreislauf zu verstehen, ist es
von ent- scheidender Bedeutung, die Umsatzzeiten von PyOM zu bestimmen, sowie dessen Einfluss auf die
Mineralisierung nativer organischer Bodensubstanz zu erfassen. Die vorliegende Ar- beit untersucht den
Einfluss von PyOM auf den Bodenkohlenstoffhaushalt, unter spezieller Betrachtung der Auswirkungen
von mineralischen Stickstoffeintr¨ gen auf die Mineralisie- a rung von PyOM. Die vorliegende Doktorarbeit
besteht aus drei unabh¨ ngigen Studien: (i) a eine Feldstudie um die relative Bedeutung der PyOM
Verlustprozesse zu bestimmen, (ii) ein Inkubationsexperiment um die Kohlenstoff- und Stickstoffdynamik
in B¨ den nach der Zu- o gabe von PyOM zu untersuchen und (iii) eine Metaanalyse des Primingeffekts,
einer Wech- selwirkung zwischen PyOM und der nativen organischen Bodensubstanz.. Im Feld- sowie
im Inkubationsexperiment wurde mit stabilen Isotopen markierte organische Substanz ver- wendet um
dessen Mineralisierung zu untersuchen. Im Feldexperiment wurde beobach- tet, dass (1) der Abbau
von Pinienholz durch Pyrolyse um einen Faktor von 60 abnahm, dass (2) erh¨ hter Stickstoffeintrag
die Mineralisierungsrate von PyOM herabsetzt und dass o (3) Verluste durch Verlagerung von frischem
PyOM entlang des Bodenprofils (Auswa- schung) vernachl¨ ssigbar sind im Vergleich zu Verlusten durch
Mineralisierung zu CO2. a Im Inkubationsexperiment wurde der Einfluss von Weidelgras-PyOM auf
die Mineralisie- rung der organischen Bodensubstanz (Primingeffekt) in Abh¨ ngigkeit der Stickstoffein-
a tr¨ ge erfasst. Der Abbau von Weidelgras-PyOM wurde nicht von Stickstoffzugaben beein- a flusst.
F¨ r Pinienholz-PyOM wurden allerdings unterschiedliche Effekte beobachtet, was u m¨ glicherweise
auf den h¨ heren Stickstoffgehalt in Weidelgrass-PyOM zur¨ ckzuf¨ hren o o u u ist. Weidelgrass-
PyOM wies h¨ here Wasserstoff zu Kohlenstoff Verh¨ ltnisse (H/C) auf o a und hatte eine h¨ here
Abbaurate als Pinienholz-PyOM, was die Anwendbarkeit des H/C- o Verh¨ ltnisses (ein Indikator f¨ r
PyOM Aromatizit¨ t) zur Vorhersage der PyOM Stabilit¨ t a u a a best¨ tigt. Des Weiteren ein zwei-
Phasen-Primingeffekt von PyOM auf den Abbau der nati- a ven organischen Bodensubstanz beobachtet:
in kurzen Zeitr¨ umen verursacht PyOM einen a a ¨ positiven Primingeffekt, w¨ hrend sie uber l¨ ngere
Zeitr¨ ume einen negativen Primingeffekt a a verursacht. Das zeitliche Muster des von PyOM verursachten
Primingeffekts konnte in der Metaanalyse best¨ tigt werden. Die Metaanalyse zeigte, dass positives
Priming meistens in a kurzen Zeitr¨ umen stattfindet und von PyOM mit niedrigen Kohlenstoffgehalten
verursacht a wird. Eine m¨ gliche Erkl¨ rung ist, dass die Pr¨ senz einer labilen Fraktion in PyOM die
o a a Aktivit¨ t von Mikroorganismen beeinflusst und dadurch die Mineralisierung von organi- a schem
Bodenkohlenstoff erh¨ ht. Zusammenfassend konnte mit dieser Doktorarbeit gezeigt o werden, dass die
chemische Zusammensetzung und das Ausgangsmaterial von PyOM eine wichtige Rolle zur Vorhersage
der PyOM-Stabilit¨ t spielen und dass anf¨ nglich positives a a Priming m¨ glicherweise die Effizienz von
PyOM als Kohlenstoffsenke mindert. In Zukunft o k¨ nnte zudem die Zunahme der Stickstoffeintr¨ ge die
Stabilit¨ t von PyOM beeinflussen, o a a wahrscheinlich in Abh¨ ngigkeit der Verf¨ gbarkeit von PyOM-
Stickstoff. a u Summary Pyrogenic organic matter (PyOM), the product of incomplete combustion of
biomass, rep- resents an important fraction of soil organic matter both in forest and agricultural soils. In
fact PyOM is produced either by wildfires (charcoal) or by pyrolysis of agricultural residues (biochar).
PyOM has a very low decomposition rate and determining its turnover time and the interaction with the
surrounding soil organic matter are key issues to understand the C cycle. The present work investigates
the impact of PyOM on soil C budget, with a special regard to the impact of mineral N deposition on
PyOM mineralization. The present thesis is com- posed of three independent studies: a field study to
investigate the pathway loss for PyOM, an incubation experiment to elucidate C and N dynamics in
PyOM amended soil, and a meta-analysis of the priming effect induced by PyOM on soil organic carbon.
Both in the field and in the incubation experiment the stable isotopes of C and N were used to estimate
organic matter dynamics. In the field experiment it was observed that pyrolysis decreased by a factor
of 60 the de- composability of pinewood, that N depressed the mineralization of PyOM and that losses
and translocation along the soil profile from fresh PyOM are negligible compared to losses as CO2 . In
the incubation experiment the influence of ryegrass-derived PyOM on soil organic matter mineralization
(priming effect) were investigated together with the effect of N addition on PyOM mineralization. We
observed that ryegrass-derived PyOM decomposition was not sensitive to N addition, probably due its
richness in N content, and had a higher decom- position rate than pinewood-derived PyOM, confirming
the goodness of the H:C ratio (an indicator for PyOM aromaticity) as a predictor of PyOM stability.
Moreover we observed that PyOM induced a two-phase priming effect on native soil organic matter
decomposi- tion: on the short term it induced positive priming while it induced negative priming in a
second stage. PyOM induced priming effect was further investigated in a meta-analysis that confirmed
this temporal pattern. We found that positive priming effect was induced mostly on the short term and
by PyOM characterised by a low C content. I believe that the presence of a labile fraction in PyOM may
trigger the activity of soil microorganisms and increase soil organic matter mineralization. I conclude that
PyOM chemistry and feedstock play an important role in predicting PyOM stability, and that priming
effect may decrease the efficiency of PyOM as a C-sink. Furthermore in the future the increase in N
deposition may affect the stability of PyOM, probably depending on the availability of PyOM-N.
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[...]Così una nuova molecola d’anidride carbonica ritornò all’atmosfera,
ed una parcella dell’energia che il sole aveva ceduta al tralcio passò
dallo stato di energia chimica a quello di energia meccanica e quindi si
adagiò nella ignava condizione di calore, riscaldando impercettibilmente
l’aria smossa dalla corsa ed il sangue del corridore. «Così è la vita»,
benché raramente essa venga così descritta: un inserirsi, un derivare a
suo vantaggio, un parassitare il cammino in giù dell’energia, dalla sua
nobile forma solare a quella degradata di calore a bassa temperatura. Su
questo cammino all’ingiù, che conduce all’equilibrio e cioè alla morte, la
vita disegna un’ansa e ci si annida[...]
[...]So a new molecule of carbon dioxide returned to the atmosphere,
and a parcel of the energy that the sun had handed to the vine-shoot
passed from the state of chemical energy to that of mechanical energy,
and thereafter settled down in the slothful condition of heat, warming
up imperceptibly the air moved by the running and the blood of the
runner. "’Such is life"’, although rarely is it described in this manner:
an inserting itself, a drawing off to its advantage, a parasitizing of the
downward course of energy, from its noble solar form to the degraded
one of low temperature heat. In this downward course, which leads to
equilibrium and thus death, life draws a bend and nests in it[...]
P. Levi, R. Rosenthal (translator), Il Sistema Periodico, Carbonio

Summary
Pyrogenic organic matter (PyOM), the product of incomplete combustion of biomass, rep-
resents an important fraction of soil organic matter in natural and agricultural soils. In
fact PyOM is produced either naturally by wildfires (charcoal) or artificially by pyrolysis
of agricultural residues (biochar). It has been suggested, based on incubation experiments
on PyOM mineralization and observations of PyOM radiocarbon age that PyOM has a
long time residence time. However a large uncertainty still exists on PyOM loss processes
and rate and on the possible interactions with the surrounding native soil organic matter.
Therefore determining PyOM turnover time and the impact on native soil organic matter
mineralization are key issues to understand the impact of PyOM input on the carbon (C)
cycle.
The present work investigates the impact of PyOM on soil C budget, with a special regard
to the effect of mineral nitrogen (N) deposition on PyOM mineralization. The present the-
sis is composed of three independent studies: (i) a field study to investigate the relative
importance of PyOM loss processes , (ii) an incubation experiment to elucidate C and N
dynamics in PyOM amended soil and, (iii) a meta-analysis of the priming effect induced
by PyOM on soil organic C. Both in the field and in the incubation experiment the stable
isotopes of C and N were used to measure organic matter mineralization.
In the field experiment it was observed that: (i) pyrolysis decreased by a factor of 60
pinewood decomposition (ii) N input decreased the mineralization of PyOM, (iii)Leaching
and translocation of fresh PyOM along the soil profile were negligible compared to losses
as CO2.
In the incubation experiment the influence of ryegrass-derived PyOM on soil organic matter
mineralization (priming effect) and the effect of mineral N input on PyOM mineralization
were investigated. No effect of N input on PyOM mineralization was observed. The differ-
ent response compared to the pinewood-derived PyOM is probably due its high N content
in ryegrass-derived PyOM. Ryegrass-derived PyOM had a higher decomposition rate than
pinewood-derived PyOM, confirming the applicability of the H:C ratio (an indicator for
PyOM aromaticity) as a predictor of PyOM stability.
It was observed that PyOM induced a two-phase priming effect on native soil organic matter
decomposition: on the short term PyOM induced positive priming while it induced nega-
tive priming in the long term. PyOM induced priming effect was further investigated in a
meta-analysis that confirmed this temporal pattern. The meta-analysis showed that positive
priming effect was induced mostly on the short term and by PyOM characterised by a low
C content. It is possible that the presence of a labile fraction in PyOM triggers the activity
of soil microorganisms and increase soil organic matter mineralization. In conclusion the
present thesis shows that PyOM chemical composition and feedstock play an important role
in predicting PyOM stability, and that the initial positive priming effect may decrease the
efficiency of PyOM as a C-sink. Furthermore in the future the increase in N deposition may
affect the stability of PyOM, probably depending on the availability of PyOM-N.
Zusammenfassung
Pyrogene organische Substanz (PyOM) ist das Produkt unvollsta¨ndiger Verbrennung von
Biomasse und tra¨gt einen bedeutenden Anteil zur organischen Bodensubstanz in Wald-
und Landwirtschaftsbo¨den bei. PyOM wird entweder durch natu¨rliche Bra¨nde (Holzkoh-
le) oder durch ku¨nstliche Pyrolyse landwirtschaftlicher Nebenprodukte (Biokohle) erzeugt.
Ergebnisse von Abbaustudien (Inkubationsexperimente) sowie alte Radiokarbonalter von
PyOM weisen darauf hin, dass PyOM eine relativ lange Umsatzzeit besitzt. Es bestehen
jedoch grosse Unsicherheiten bezu¨glich der Bedeutung der verschiedenen Verlustprozes-
se von PyOM aus Bo¨den (Mineralisierung, Auswaschung), dessen Raten, sowie bezu¨glich
mo¨glichen Wechselwirkungen mit der restlichen (nativen) organischen Bodensubstanz. Um
den Einfluss von PyOM auf den globalen Kohlenstoffkreislauf zu verstehen, ist es von ent-
scheidender Bedeutung, die Umsatzzeiten von PyOM zu bestimmen, sowie dessen Einfluss
auf die Mineralisierung nativer organischer Bodensubstanz zu erfassen. Die vorliegende Ar-
beit untersucht den Einfluss von PyOM auf den Bodenkohlenstoffhaushalt, unter spezieller
Betrachtung der Auswirkungen von mineralischen Stickstoffeintra¨gen auf die Mineralisie-
rung von PyOM. Die vorliegende Doktorarbeit besteht aus drei unabha¨ngigen Studien: (i)
eine Feldstudie um die relative Bedeutung der PyOM Verlustprozesse zu bestimmen, (ii) ein
Inkubationsexperiment um die Kohlenstoff- und Stickstoffdynamik in Bo¨den nach der Zu-
gabe von PyOM zu untersuchen und (iii) eine Metaanalyse des Primingeffekts, einer Wech-
selwirkung zwischen PyOM und der nativen organischen Bodensubstanz.. Im Feld- sowie
im Inkubationsexperiment wurde mit stabilen Isotopen markierte organische Substanz ver-
wendet um dessen Mineralisierung zu untersuchen. Im Feldexperiment wurde beobach-
tet, dass (1) der Abbau von Pinienholz durch Pyrolyse um einen Faktor von 60 abnahm,
dass (2) erho¨hter Stickstoffeintrag die Mineralisierungsrate von PyOM herabsetzt und dass
(3) Verluste durch Verlagerung von frischem PyOM entlang des Bodenprofils (Auswa-
schung) vernachla¨ssigbar sind im Vergleich zu Verlusten durch Mineralisierung zu CO2.
Im Inkubationsexperiment wurde der Einfluss von Weidelgras-PyOM auf die Mineralisie-
rung der organischen Bodensubstanz (Primingeffekt) in Abha¨ngigkeit der Stickstoffein-
tra¨ge erfasst. Der Abbau von Weidelgras-PyOM wurde nicht von Stickstoffzugaben beein-
flusst. Fu¨r Pinienholz-PyOM wurden allerdings unterschiedliche Effekte beobachtet, was
mo¨glicherweise auf den ho¨heren Stickstoffgehalt in Weidelgrass-PyOM zuru¨ckzufu¨hren
ist. Weidelgrass-PyOM wies ho¨here Wasserstoff zu Kohlenstoff Verha¨ltnisse (H/C) auf
und hatte eine ho¨here Abbaurate als Pinienholz-PyOM, was die Anwendbarkeit des H/C-
Verha¨ltnisses (ein Indikator fu¨r PyOM Aromatizita¨t) zur Vorhersage der PyOM Stabilita¨t
besta¨tigt. Des Weiteren ein zwei-Phasen-Primingeffekt von PyOM auf den Abbau der nati-
ven organischen Bodensubstanz beobachtet: in kurzen Zeitra¨umen verursacht PyOM einen
positiven Primingeffekt, wa¨hrend sie u¨ber la¨ngere Zeitra¨ume einen negativen Primingeffekt
verursacht. Das zeitliche Muster des von PyOM verursachten Primingeffekts konnte in der
Metaanalyse besta¨tigt werden. Die Metaanalyse zeigte, dass positives Priming meistens in
kurzen Zeitra¨umen stattfindet und von PyOM mit niedrigen Kohlenstoffgehalten verursacht
wird. Eine mo¨gliche Erkla¨rung ist, dass die Pra¨senz einer labilen Fraktion in PyOM die
Aktivita¨t von Mikroorganismen beeinflusst und dadurch die Mineralisierung von organi-
schem Bodenkohlenstoff erho¨ht. Zusammenfassend konnte mit dieser Doktorarbeit gezeigt
werden, dass die chemische Zusammensetzung und das Ausgangsmaterial von PyOM eine
wichtige Rolle zur Vorhersage der PyOM-Stabilita¨t spielen und dass anfa¨nglich positives
Priming mo¨glicherweise die Effizienz von PyOM als Kohlenstoffsenke mindert. In Zukunft
ko¨nnte zudem die Zunahme der Stickstoffeintra¨ge die Stabilita¨t von PyOM beeinflussen,
wahrscheinlich in Abha¨ngigkeit der Verfu¨gbarkeit von PyOM-Stickstoff.
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Chapter A
Synopsis
1 Introduction
1.1 The C cycle
The carbon (C) cycle consists of fluxes of C among C reservoirs. These are, in order of
magnitude: oceans (approximately 40.000 Pg C), soils (approximately 2000 Pg C), per-
mafrost (1700 Pg C) fossil fuel reserves (approximately 1000 Pg C), atmosphere (600 Pg
C), vegetation (300 Pg C, IPCC, 2013). The quantity of C present in the atmosphere in
the form of carbon dioxide (CO2) is a determinant for the quantity of energy reaching the
planetary surface. In fact CO2, together with other gases is responsible for the absorption
of infrared thermal radiation and its subsequent re-radiation to the earth surface, a phe-
nomenon known as greenhouse effect. The concentration of CO2 in the atmosphere, has
risen by 40% since the pre-industrial era and is predicted to continue increasing over the
next decades, inducing climate changes at global scale(IPCC, 2013).
Although the C stored in the soils is twenty times less than C stored in the oceans, C fluxes
between the terrestrial ecosystems and the atmosphere and between the ocean and the at-
mosphere are in the same order of magnitude. Soils release globally 118 Pg C-CO2 year−1
and are one of the main sources of CO2 to the atmosphere (IPCC, 2013, Figure 1), there-
fore understanding the factors determining C exchanges between soils and the atmosphere
are of primary importance to predict future changes and eventually reduce the emissions of
CO2 to the atmosphere.
A brief description of the C cycle in the terrestrial ecosystems is provided below: CO2 is
present in the atmosphere at a concentration of approximately 400 ppm, plants uptake CO2
by photosynthesis and incorporate it as organic C. Plant C is transferred to the soil system
by litterfall and rhizodeposition, part of the litter is directly respired as CO2 by litter mi-
croorganisms, and part is incorporated in the soil and constitutes the soil organic matter
pool (Figure 2). A large part of it is then mineralized as CO2 by soil microorganisms, while
a smaller fraction is leached to the belowground in form of dissolved organic C (DOC)
or it is eroded. Typically the losses of organic C by mineralization are in the order of
magnitude of hundreds of grams m−2 year−1 (Bond-Lamberty and Thomson, 2010), while
3
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Figure 6.1: Simplified schematic of the global carbon cycle. Numbers represent reservoir mass, also called ‘carbon 
stocks’ in PgC (1 PgC = 1015 gC) and annual carbon exchange fluxes (in PgC yr–1). Black numbers and arrows indicate 
reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era, circa 1750 (see Section 6.1.1.1 for 
references). Fossil fuel reserves are from GEA (2006) and are consistent with numbers used by IPCC WGIII for future 
scenarios. The sediment storage is a sum of 150 PgC of the organic carbon in the mixed layer (Emerson and Hedges, 
1988) and 1,600 PgC of the deep-sea CaCO3 sediments available to neutralize fossil fuel CO2 (Archer et al., 1998). Red 
arrows and numbers indicate annual “anthropogenic” fluxes averaged over the 2000–2009 time period. These fluxes are 
a perturbation of the carbon cycle during Industrial Era post 1750. These fluxes (red arrows) are: Fossil fuel and cement 
emissions of CO2 (6.3.1), Net land use change (6.3.2), and the Average atmospheric increase of CO2 in the atmosphere 
also called ‘CO2 growth rate’ (6.3). The uptake of anthropogenic CO2 by the ocean and by terrestrial ecosystems, often 
called ‘carbon sinks’ are the red arrows part of Net land flux and Net ocean flux. Red numbers in the reservoirs denote 
cumulative changes of anthropogenic carbon over the Industrial Period 1750–2011 (column 2 in Table 6.1). By 
convention, a positive cumulative change means that a reservoir has gained carbon since 1750. The cumulative change 
of anthropogenic carbon in the terrestrial reservoir is the sum of carbon cumulatively lost through land use change and 
carbon accumulated since 1750 in other ecosystems (Table 6.1). Note that the mass balance of the two ocean carbon 
stocks Surface ocean and Intermediate and deep ocean includes a yearly accumulation of anthropogenic carbon (not 
shown). Uncertainties are reported as 90% confidence intervals. Emission estimates and land and ocean sinks (in red) 
are from Table 6.1 in Section 6.3. The change of gross terrestrial fluxes (red arrows of Gross Photosynthesis and Total 
Respiration and Fires) has been estimated from CMIP5 model results (Section 6.4). The change in air-sea exchange 
fluxes (red arrows of ocean atmosphere gas exchange) have been estimated from the difference in atmospheric partial 
pressure of CO2 since 1750 (Sarmiento and Gruber, 2006). Individual gross fluxes and their changes since the 
beginning of the Industrial Era have typical uncertainties of more than 20%, while their differences (Net land flux and 
Net ocean flux in the figure) are determined from independent measurements with a much higher accuracy (see Section 
6.3). Therefore, to achieve an overall balance, the values of the more uncertain gross fluxes have been adjusted so that 
their difference matches the Net land flux and Net ocean flux estimates. Fluxes from volcanic eruptions, rock 
weathering (silicates and carbonates weathering reactions resulting into a small uptake of atmospheric CO2), export of 
carbon from soils to rivers, burial of carbon in freshwater lakes and reservoirs and transport of carbon by rivers to the 
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Figure 1: The terrestrial C cycle. Arrows represents C fluxes, while boxes stand for C
stocks. The black numbers and arrows indicate the stimated fluxe and stocks be e h
industrial era. The red arrows and numbers indicate the human-induced fluxes over the
2000-2009 (Intergover mental Panel on Clim t Change, 2013).
losses as DOC are generally hundred times lower (Brady and Weil, 2007). Nevertheless
these values differ significantly ac oss different biomes and land uses. The CO2 efflux from
the soil takes the name of soil respiration, which can be divided into two CO2 fluxes: the
heterotrophic soil respiration, which is derived fro microorganisms ecomposing the soil
organic matter and the autotrophic respiration, derived from the respiration of plant roots.
The present study focuses on the heterotrophic soil respiration, as the interactions between
plants and soil were not investigated in the present study. From here on, for sake of brevity,
the term soil respiration refers to the heterotrophic fraction of soil respiration. Soil respi-
ration, i.e. the organic matter mineralization, is driven by the interaction of environmental
factors (soil temperature, humidity and structure) and chemical qualities of decomposing
organic matter, e.g. the prevalence of aromatic or aliphatic compounds or the C:Nitrogen
(N) ratio. Which of the two groups of factors, soil organic matter chemistry or environmen-
tal factors, is the main driver for stabilization of soil organic matter on the long term is still
a matter of debate (Schmidt et al., 2011).
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Atmospheric CO2 
Plant 
Litter 
Soil organic matter 
Soil mineral Nitrogen 
Respiration 
Litterfall 
Decomposition 
Carbon Cycle Nitrogen Cycle 
Nitrogen 
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Nitrogen 
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Figure 2: A scheme representing C and N cycle, blocks represent stock of C and N and
arrows represent the fluxes. The figures shows particularly how N can affect C cycle by
altering plant growth (fertilization effect), and by influencing C decomposition in the soil
(Thornton et al., 2009).
1.2 The N cycle
Among the main elements constituting organisms (N, C, O, H and S) N is the most abun-
dant on earth. However its availability to organisms is extremely limited, as most of it exist
in the form of molecular N (N2) and among the non-N2 forms of nitrogen only 1% is plant
available (Galloway et al., 2004).Therefore N is often the limiting factor for plants growth
which are competing with microorganisms to uptake mineral N. The reactive N, a term
indicating all forms of non-N2 is present in two forms in the soil (Figure 3): the organic
N, which includes living and dead organic matter and the mineral N (in form of NH4+,
NO3−, NO−2 ). N inputs to the soil derive from plant residues, atmospheric mineral N de-
position and fertilisation in agricultural soils. Organic matter represents the biggest N-pool
(Chapin et al., 2002) and is mineralized by the joint action of microorganisms and extra-
cellular enzymes to ammonium (NH+4 ). Extracellular enzymes are proteins released by soil
microorganisms to cleave organic molecules, microorganisms release enzymes to depoly-
merize high molecular weight organic N (like proteins) into low molecular weight organic
N forms (like oligo peptides) which can then be transformed in (NH4+) either by extra-
cellular enzymes or microorganisms (mineralization process). NH+4 can be transformed by
nitrifier microorganisms to nitrate (NO−3 ). The fate of mineral N (NH4
+ and NO3−) in the
soil is to be incorporated by microorganisms (immobilization process) or uptake by plants.
Moreover N can also leave the soil system in gaseous form (denitrification), a process me-
diated by microorganisms transforming NO3− first into NO−2 and then into N2.
Immobilization and mineralization processes occur simultaneously in the soil. If overall
gross mineralization processes are prevalent on gross immobilization processes this results
in an increase of NH4+, i.e. in positive net mineralization, while if NH4+ in soil decrease
the net mineralization is negative. When referring to immobilization and mineralization
processes considered individually, and not as the sum of the two, we use the adjective
gross.
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Figure 3: N transformations in soil. Blocks represent stocks of N while arrows represent
fluxes of N. The size of the blocks is not representative of the size of the N pools.
1.3 Feedback of N cycle on C cycle
It is well known that N availability in the terrestrial system may dramatically influence the
C cycle, however very few C models incorporate the feedback of N cycle on the C cycle
(IPCC 2013) since the underneath mechanisms are still not fully understood. A full com-
prehension of these mechanisms is crucial to predict future changes in C cycle, especially
because inputs of reactive N to the terrestrial system have sharply increased over the last
century. The increase in N input follows from an increase of N fertilization, fossil fuel
combustion, and cultivation of N fixing species (Figure 4). The Haber-Bosh process, an
industrial process that transform N2 to NH3, together with cultivation of N fixing plants
caused a human-induced increase in the N transfer from the non-reactive (N2) to the reac-
tive pool. Once reactive N has been added to the soil this is rapidly transferred to other
environmental compartments like water bodies and atmosphere, and only partially returns
to the molecular form through denitrification, with the result that reactive N is accumulating
in the different environmental compartments. Part of the reactive N is transferred from the
soil to the atmosphere in forms of NH3, NO, N2O transported by the wind and again de-
posited to terrestrial or aquatic system, i.e. it is redistributed in the form of N atmospheric
deposition. The modelled global distribution of N deposition from the atmosphere (Figure
5) shows that the increase in deposition is concentrated in the more densely populated areas
as energy and food production represents the two major source of N deposition.
The increase in N deposition may affect C cycle mostly by: (i) increasing photosynthetic
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Figure 4: Increase in reactive N and human population growth over the past century. The
graph report the total N input and the three major input of N: the Haber-Bosh process
(mineral N fertilization), the increase in cultivation of plants capable of fixing N (C-BNF),
and the fossil fuel combustion (Galloway et al., 2003).
C assimilation and (ii) by influencing biogeochemical processes and particularly the soil
respiration (Figure 2). While there is a general agreement that increasing input of N will in-
crease the photosynthetic C uptake, a major disagreement exists on the size of the fertiliza-
tion effect (Magnani et al., 2007; De Schrijver et al., 2008), particularly under the scenario
of future increased CO2 atmospheric concentration (Reich and Hobbie, 2012; Schneider
et al., 2004).
A high uncertainty exists on the impact on N availability on soil respiration (see section
1.7). The present study is focused on the impact of increased N input on soil organic matter
mineralization, particularly on the mineralization of charcoal in the soil, while the impact
of N inputs on plant growth was not investigated.
1.4 Impact of fire on the C cycle
Fire is a disrupting event that has a strong impact on the C cycle, particularly on the concen-
tration of CO2 in the atmosphere. However producing a global assessment of the influence
of wildfires on the C cycle is a hard challenge due to the heterogeneity of wildfire charac-
teristics and return time. There is a general agreement among climate models in predicting
an increase of fire activity in the future (Figure 6). Moritz et al. (2012) and Flannigan
et al. (2013) compiled results from several climatic models and predicted an increase of
fire-prone climatic conditions over the next decades. Particularly an increase of fire events
is predicted in the high-to-mid-latitude-regions, as a result of increasing temperature in the
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Figure 5: Spatial patterns of modeled total inorganic nitrogen deposition in (a) 1860, (b)
early 1990s, and (c) 2050 (Galloway et al., 2008)
warm months, while a decrease is predicted in tropical regions following from a decrease
in precipitation that will reduce the fuel loads.
Fire can greatly influence the C cycle mostly by releasing enormous quantity of C stored
in plants and soil, ranging globally from 2 to 4 Pg C-CO2 year−1 corresponding to approx-
imately 50% of fossil fuel emissions (Bowman et al., 2009). Even though great advances
in capacity of remotely measure the size of burnt area (Chuvieco, 1999) and fire severity
(Miller et al., 2009) have been reached, there are still many uncertainties on the net effect
of fire on C cycle. In fact next to the release of CO2, there are at least two more feedback
mechanisms that can influence C cycle after a fire event: (i) the plant regrowth after a fire
event and (ii) the charcoal production. These two mechanisms are acting at a different time
scale: CO2 release from biomass burning is instantaneous, increase of plant growth rate
occurs on a decadal time scale, while the storage of C in the form of charcoal in the soil is
supposed to last for hundreds of years. Therefore the impact of fire on C budget is strongly
dependent on the size of the considered time frame.
The present thesis is focused on the role played by charcoal (from here on Pyrogenic Or-
ganic Matter, PyOM) on the soil C budget, while the impact of fire on vegetation C losses
was not investigated here, neither was the role of plant regrowth.
The first estimates of PyOM production at global scale dates back to the 1980s. Seiler
and the nobel prize Crutzen (1980) estimated, based on values of fire frequency, burning
efficiency, and total biomass, differentiated by biomes, that the annual global production of
PyOM-C was 500-1700 Tg. Few years later Crutzen and Andreae (1990) revised it to be
200-600 Tg-PyOM-C year−1. Kuhlbusch and Crutzen (1995), using a stricter definition of
PyOM based on the H:C ratio (an indicator for aromaticity), reviewed it down to 40-180
Tg of PyOM-C year−1. The C budget after a fire event is strongly affected by the burn-
ing efficiency, which is the ratio between the CO2 and PyOM produced during a wildfire.
Forbes et al. (2006) reviewed these values for different ecosystems but a clear picture of the
factors controlling fire efficiency is still missing due to the heterogeneity of the methods to
measure the PyOM remaining after a forest fires, and the very high spatial variability.
Due to its long residence time PyOM is virtually present in every soil and can contribute up
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coniferous forests, temperate grasslands/savan-
nas/shrublands, and tundra), but these biomes
also show substantial area (.50%) in the ‘‘low
agreement’’ class. The most consistent projected
fire decreases over the 2010–2039 period occur in
some of the lower latitude biomes (e.g., tropical
and subtropical grasslands/savannas/shrub and
tropical and subtropical dry broadleaf forests).
The trajectory of decreasing fire activity in these
biomes strengthens over time, with most of their
area showing greater agreement for fire decreas-
es by the end of the 21st century. In contrast, the
trajectory of biomes in the higher latitudes tends
toward more agreement for increases in fire by
2070–2099. This trend is clear for temperate and
northern regions of the world, and it is most
striking for the boreal forests/taiga and tundra
biomes.
The spatial pattern in variable importance is
shown in the most limiting factor maps (Fig. 8).
Although this map represents a simplification, it
does provide a general idea of the complexity of
global fire–environmental relationships. In bi-
omes where biomass productivity is typically
limiting to fire activity, shifts in the most
influential climate variable lead to vegetation
growth; many high-latitude cold regions thus see
long-term increases in fire probabilities associat-
ed with higher temperatures (especially in the
warmest month), while mid-latitude desert and
xeric regions tend to see increases due to more
moisture (annual precipitation). In contrast, the
vast savannas of the globe eventually experience
decreased fire occurrence associated with in-
creasing temperature seasonality, as well as
warmer are drier conditions overall. In the moist
and biomass-rich tropical forests of the world,
fire activity tends to be most limited by precip-
itation-related variables (largely decreasing with
more annual precipitation, but increasing where
Fig. 6. Ensemble mean change (A, C) and degree of model agreement (B, D) in predicted fire probability among
the 16 GCMs for 2010–2039 and 2070–2099 time periods (change assessed from baseline probabilities 1971–2000).
Predictions for 2010–2039 are based on ‘‘ClimateþBaseline NPP’’ models, and 2070–2099 are based on ‘‘Climate
only’’ models. Pie charts indicate global proportions in each agreement class: Likely decrease, Likely increase,
and Low agreement correspond to 8.1%, 37.8%, and 54.1% for the 2010–2039 period, and to 20.2%, 61.9%, and
17.9% for the 2070–2099 period.
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Figure 6: Mean change (A, C) and degree of model agreement (B, D) in predicted fire
probability among 16 Global Climate Models for 2010-2039 and 2070-2099 time periods
(Moritz et al., 2012)
to 45% of organic C resent in soils (Schmidt and Noack, 2000). PyOM has not been de-
tected only in soil, but also in sediments (Schmidt and Noack, 2000) and and water bodies,
like oceans and rivers (Dittmar et al., 2012; Ziolkowski and Druffel, 2010), however very
little is known on the processes that transport PyOM fr m the so l he other compart ents,
like water bodies (see section 1.8).
1.5 Characteristics of pyrogenic organic matter
PyOM is the product of incomplete combustion of biomass (Goldberg, 1985). Under non-
limiting oxygen conditi ns, the burning process would transfo m all the organic material
into CO2, H2O, and ashes, while temporary and local limitation of oxygen can inhibit the
condensation process and produce organic residues, the PyOM. The first striking charac-
teristic of PyOM is the color, it is generally pitch black (therefore it is also termed ”black
carbon”). The macrostructure of PyOM is characterized by the presence of large porosity,
derived from the loss of the internal part of the cell and the remaining of the cell walls
(Figure 7). Such a high porosity is reflected also in a large surface area and high cations
exchange capacity (Lehmann, 2007).
PyOM is a chemically heterogeneous compound, rich in aromatic molecules having differ-
ent degrees of condensation (Schneider, 2011). The aromatic structure of PyOM has shown
to be relatively resistant to chemical oxidants (Skjemstad et al., 1996; Bird and Grocke,
1997; Ascough et al., 2011), and highly resistant to biotic oxidation (Hamer et al., 2004;
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The porous structure of biochar (see
Chapter 2 and Figure 6.1), its high internal
surface area and its ability to adsorb soluble
organic matter (see Chapter 18), gases and
inorganic nutrients (see Chapter 5) are likely
to provide a highly suitable habitat for
microbes to colonize, grow and reproduce,
particularly for bacteria, actinomycetes and
arbuscular mycorrhizal fungi (see Figure
6.2). Some members of these groups may
preferentially colonize biochar surfaces
depending upon the physical and chemical
characteristics of different biochars,
discussed below.
The pore space of pyrolysed biomass
increases during charring by several thou-
sand fold and is related to charring
temperature and feedstock materials (see
Chapter 2). Estimates of the resulting surface
area of different biochars range from 10 to
several hundred square metres per gram (m2
g-1) (see Chapter 2), which provides a signifi-
cantly increased surface area for microbial
colonization. Depending upon the size of a
given pore, different microbes will or will not
have access to internal spaces. Several
authors have suggested that the biochar pores
may act as a refuge site or micro-habitat for
colonizing microbes, where they are
protected from being grazed upon by their
The nature and function of soil microbial
communities change in response to many
edaphic, climatic and management factors,
especially additions of organic matter (Thies
and Grossman, 2006). Amending soils with
biochar is no exception. However, the way in
which biochar affects soil biota may be
distinct from other types of added organic
matter because the stability of biochar makes
it unlikely to be a source of either energy or
cell C after any initial bio-oils or condensates
have been decomposed (see Chapter 11).
Instead, biochar changes the physical (see
Chapter 2) and chemical (see Chapters 3 to
5) environment of the soil, which will, in turn,
affect the characteristics and behaviour of the
soil biota.
The effects of biochar on the abundance,
activity and diversity of soil organisms are the
subjects of this chapter.This area of enquiry
has lagged behind other areas of biochar
research. Much of what is known about the
biota in soils containing biochar results from
the pioneering work of the Japanese
researcher M. Ogawa and colleagues and
from research on microbial communities in
the Amazonian dark earths (ADE, also called
‘Terra Preta de Indio’) from Brazil. We
include examples from these works here, with
the aim of forecasting how both the soil flora
and fauna populations may respond to
biochar amendments and to suggest more
fruitful avenues for future research.
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Biochar as a habitat for soil microorganisms
Figure 6.1 The porous struc-
ture of biochar invites
microbial colonization 
Source: (left photo) S. Joseph; (right
photo) Yamamoto, with permission
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Figure 7: Macrostructure of PyOM, the nested structure results from the loss of the cell
content while only the cell walls remain (Lehmann, 2007).
Santos et al., 2012; Singh et al., 2012b). The chemical structure and composition of PyOM
depends strongly on the parent material, the pyrolysis temperature, with higher tempera-
ture and woody feedstock delivering PyOM characterized by a lower H:C (Hammes et al.,
2008), an index of aromaticity (Kuhlbusch et al., 1995). As pyrolysis temperature increase
the feedstock, originally composed mostly of cellulose, lignin, and pectin is altered and the
relative content of phenols, furan, and aromatic-C increases.
PyOM is generally characterized by a higher C content compared to the feedstock due
to condensation during the pyrolysis process. Pyrolysis process generally decreases the
C:N ratio of PyOM compared original material (Almendros et al., 2003; Knicker, 2007;
Hammes et al., 2006) because thermal labile compounds like O-alkyl and carbonyl de-
creases, while compounds containing N, like amides, have a higher thermal resistance and
during pyrolysis they are transformed into new compounds containing N like pyrroles and
pyridine (Almendros et al., 2003). Although many uncertainties exist on the mean resi-
dence time of PyOM and its drivers, there is a general agreement that PyOM has a higher
residence time compared to non-pyrolysed organic matter (Zimmerman and Gao, 2013). A
recent meta-analysis from Singh et al. (2012b) estimated PyOM mean residence time to be
in the order of magnitude of centuries, although a high variability exists, due to edaphic,
environmental, and PyOM characteristics. In fact the category of PyOM is quite broad
and contains compounds that have very different origin, like PyOM derived from natural
fires (charcoal) and the PyOM derived from artificial pyrolysis of agricultural residues, i.e.
biochar. A brief description of the biochar technique is given in the paragraphs below.
1.6 PyOM as a tool to store C and increase soil fertility: biochar
The high resistance of PyOM to decomposition has raised the idea of using it to store
C in the soil in the form of thermally degraded organic matter, using a technique called
”biochar technique”. The biochar technique consists in pyrolysing (heating under anoxic
condition) organic wastes to obtain heat and a specific char (named biochar) as by-product
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(Lehmann, 2007). Due to its slow decomposition rate biochar can contribute to reduce CO2
efflux by adding a form of C with a slower decomposition rate compared to non-pyrolysed
organic matter (Figure 8). Moreover, pyrolysis is an exo-thermal process and therefore theIntroduction – Field experiment – Incubation Experiment - Review 
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Figure 8: C storing mechanism through the use of pyrolysed organic matter. The net C gain
after a number of years (here ten years, as an example) derives from the lower PyOM-C
mineralization rate compared to non-pyrolysed material. This graph is only conceptual and
was not produced using real data. Therefore no unit is reported on the y axis.
production of biochar produces heat, thus saving additional amounts of C, in the form of
saved fossil fuels consumption. Also, the application of biochar to the soil is known to
improve crop productivity because by increasing soil pH and improving water retention
(Jeffery et al., 2011). However the possible agronomic benefits derived from the use of
biochar will not be part of the present thesis that focuses on the stabilization of organic
matter.
Nevertheless the PyOM addition may also raise concerns mainly due to the high content in
polycyclic aromatic hydrocarbon (Hilber et al., 2012). Also it has been suggested that the
addition of biochar to the soil may increase the mineralization of native soil organic matter
(priming effect Wardle et al. (2008), i.e. it may induce a C-leakage, which is lost from
the native organic matter. This latter aspect in particular has been addressed in the present
thesis (see section 1.9).
1.7 Interaction between PyOM and N cycle
Influence of N input on PyOM decomposition
As outlined in the section 1.2 N inputs to the terrestrial system are expected to increase
sharply in the future. Nevertheless very little is known on the impact of increased N in-
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put on soil organic matter mineralization, even though there are evidences that increased
N availability will influence soil organic mineralization. Janssens et al. (2010) compiled
a meta-analysis of results from 36 N manipulation studies and observed that N addition
decreased soil respiration. They proposes three mechanisms to explain such decrease: (i)
a shift in the soil microorganisms community toward microorganisms that are more C ef-
ficient and less N limited (ii) a reduction in the activity of phenol-oxidase, an enzyme
responsible for the cleavage of aromatic compounds like lignin (Sinsabaugh, 2010), and
(iii) an increase in the NH3 following from the higher N availability that acts as a catalyst
for the polymerization of phenols resulting in the formation of compounds more resistant
to microbial decomposition(Lindbeck and Young 1965, in No¨mmik and Vahtras 1982).
Nitrogen is likely to affect particularly the decomposition of fresh organic matter that repre-
sents an important fraction of soil respiration. There is a vivid scientific debate on the effect
of N addition on fresh organic matter, with two opposing theories: the N mining theory and
the stoichiometric theory (Knicker, 2011). The first one predicts that litter characterized by
a high C:N will increase the decomposition of the labile fraction of litter (typically less rich
in N) to obtain the energy necessary to ”mine” for N the recalcitrant fraction of the litter
(richer in N), resulting in an increase of soil respiration, at least on the short term (Craine
et al. (2007). On the opposite the stoichiometric theory starts from the assumption that soil
microorganisms has a fixed elemental ratio (Cleveland and Liptzin, 2007), characterised by
a C:N lower than the litter input, and therefore low content of N are a factor limiting their
activity. The two theories obviously bring to different decomposition patterns.
So far it is not known if any of the two theories applies to PyOM decomposition. In fact
PyOM although is rich in C this is in a form poorly available to microorganisms, while little
is known on the availability of PyOM-N (also called black nitrogen).
The present thesis deals with the effect of N addition on PyOM mineralization rate, a topic
that has been poorly investigated. Santos et al. (2012) incubated PyOM in a granitic soil at
two contrasting N level and did not find an effect of N addition on PyOM mineralization.
Nevertheless it is possible that the N addition may play a role in the activity of the phenol-
oxidase which in turn may play a role in the cleavage of PyOM, since this is an aromatic
compound.
Effect of PyOM on N availability in soil
While not much is known on the effect of N inputs on PyOM decomposition, the effect
of PyOM addition on mineral N availability has been deeply investigated for its important
agronomic implications. Results are not univocal, it was found that PyOM increases gross
N mineralization (Nelissen et al., 2012), net nitrification (DeLuca et al., 2002; DeLuca and
Sala, 2006; Steiner et al., 2008; Wang et al., 2012) and gross nitrification (DeLuca and
Sala, 2006; Ball et al., 2010; Nelissen et al., 2012). However, it was also found that PyOM
induced N net immobilization (Kolb et al., 2009; Novak et al., 2010; Bruun et al., 2012) or
did not alter the N cycle at all (Zavalloni et al., 2011; Zhang et al., 2011). Several reasons
can explain the influence of PyOM on the state of N in the soil: (i) it may increase soil
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pH and thus creates more favorable conditions for nitrifiers in soil (Ste-Marie and Pare,
1999; Brady and Weil, 2007) (ii) it can adsorb phenols that are inhibitors of nitrification
(DeLuca and Sala, 2006; Ball et al., 2010),(iii) it can cause N immobilization due to the high
C:N ratio of PyOM, (iv) it can increase native organic matter mineralization (i.e. positive
priming effect). In the present study the effect of the addition of a ryegrass-derived PyOM
having a low C:N ratio on mineral N content in soil, was investigated with a special regard
to coupling N and C cycle.
1.8 PyOM stability
When producing the first estimates on PyOM global production Seiler and Crutzen (1980)
assumed that PyOM was not decomposing or that its decomposition rate was so slow to be
almost negligible. However as studies and technique to isolate, identify and trace PyOM
decomposition progressed, PyOM mean residence time in soil was found to be more vari-
able than expected, ranging from decades to millennia. Pessenda et al. (2001) found that
charcoal in the soil had a radiocarbon age of more than 1000 years. Studies based on soil
chronosequences (Hammes et al., 2008; Schneider et al., 2011; Nguyen et al., 2008) found
that PyOM has a residence time ranging in the centennial time scale. While several litter
decomposition studies employing C isotopes revealed a turnover time ranging of decadal
to centennial time scale Hamer et al. (2004); Hilscher et al. (2009); Major et al. (2010);
Kuzyakov et al. (2009). A meta-analysis from Singh et al. (2012b) revealed that grouping
together 13 studies on PyOM disappearance from the soil PyOM had a mean residence
time of approximately 300 years. They also observed that grass-derived PyOM, and high
temperature pyrolysis generally delivers more resistant PyOM. Nevertheless the analysis
showed a great variability in the results and a lack of field studies, with only four studies
carried out so far, three of them in the tropics and one in the Russian steppe, with a unex-
pected lack of studies in the temperate and boreal regions, where fire frequency is expected
to increase (Figure 6).
Losses of PyOM by leaching and erosion
There are indirect evidences that PyOM translocation to water bodies occurs, (section 1.4).
PyOM is present in large quantities in the marine (Dittmar, 2008; Dittmar et al., 2012) and
in the riverine environment (Hockaday et al., 2006; Masiello, 2004; Guggenberger et al.,
2008). PyOM transfer from soil to water bodies occurs mostly by leaching and erosion.
While it is likely that part of PyOM is rapidly transported by erosion due to light nature of
PyOM (Rumpel et al., 2006) very little is known on the quantity of PyOM that can be lost
by leaching (Zimmerman and Gao, 2013).
There are contrasting evidences that PyOM can be lost by translocation to belowground.
Major et al. (2010), found that losses as DOC were less than 1% of losses as CO2, and
hypothesized that erosion losses accounted up to 25-30% based on PyOM-C recovery after
two years. In a column incubation experiment, Hilscher and Knicker (2011) found a fast
relocation of PyOM-C from 0-2 cm to 2-5 cm below the topsoil which they attribute to a
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water soluble fraction of C present in the PyOM. Also Leifeld et al. (2007) observed an im-
portant translocation of PyOM (21-69 %) from the ploughed portion of a drained peatland
to below 30 cm. . They hypothesized that transport of PyOM occurred in particulate or
soluble form downwards the profile.
Despite findings on vertical transport of PyOM, the fraction of soluble C present in fresh
PyOM seems to be relatively small, ranging between 0.03% (Jones et al., 2011) and 0.2%
(Abiven et al., 2011). Zimmerman and Gao (2013) found results in the same range, more-
over they observed that increasing pyrolysis temperature from 250 ◦C to 650 ◦C decreased
PyOM content of soluble C. Moreover Abiven et al. (2011) observed that the soluble frac-
tion increased in PyOM aged in the field, probably as a result of PyOM oxidation.
1.9 PyOM induced priming effect on soil organic carbon mineralization
Thanks to its inherent recalcitrance to decomposition PyOM is an ideal candidate to store
C in the soil (Lehmann, 2007; Woolf et al., 2010), however several authors pointed out that
the addition of PyOM to the soil, could alter the mineralization rate of non-PyOM C pools,
and thus affect its efficiency as a C-sink. Wardle et al. (2008) in a ten years litter bag ex-
periment observed that mixing PyOM and litter resulted in greater C losses than the sum of
the two substrates alone. This implies that the addition of PyOM to the soil to store C will
induce C-leakages from other C-pools, and therefore reducing the efficiency of PyOM as a
tool to store C.
The change in the mineralization rate of non-PyOM-C induced by PyOM will be called
priming effect in the present thesis. There is no general agreement on the direction of
PyOM induced priming effect. In fact PyOM was found to either induce a positive priming
effect, i.e. increasing losses of native organic matter (Wardle et al., 2008; Novak et al.,
2010; Keith et al., 2011; Luo et al., 2011; Zimmerman et al., 2011), a negative priming
effect (Liang et al., 2010; Cross and Sohi, 2011; Jones et al., 2011), i.e. increasing native
organic C stabilization or no priming effect (Kuzyakov et al., 2009; Abiven and Andreoli,
2010; Cross and Sohi, 2011; Santos et al., 2012). Several mechanisms have been proposed
as possible explanation for priming effect. It is likely that the change in mineralization of
non-PyOM-C in PyOM amended soils is the net result of several mechanisms occurring
together. These can be grouped between the one that are expected to induce a positive
priming effect and mechanisms expected to induce a negative priming effect.
Among the one inducing positive priming Wardle et al. (2008) proposed the foci hypothe-
sis suggesting that PyOM porosity offers to microorganisms protection from predators and
desiccation. This hypotheses is supported by the findings from Pietika¨inen et al. (2000),
who reported that PyOM can actively host a microbial community. The co-metabolic hy-
pothesis, proposes that PyOM contains a labile fraction that is readily available to microor-
ganisms, and act a source of energy that triggers their growth (Fabbri et al., 2012; Singh
et al., 2012a). Also the change in pH following from PyOM addition to soil (PyOM is
generally rich in ashes and carbonates) may induce a flush of organic matter mineralization
in the short term (Luo et al., 2011; Badalucco et al., 1992) or to alter the enzymatic activity,
and thus to influence soil organic matter decomposition. Among the mechanisms proposed
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to justify negative priming effect the physical protection hypotheses the physical protec-
tion hypothesis, suggests that PyOM promotes physical protection of soil organic matter by
either sorption of dissolved organic carbon or by promoting soil aggregation (Kimetu and
Lehmann, 2010). The occurrence of these different mechanisms is not mutually exclusive,
and the prevalence of one mechanism over the other is likely to determine the direction of
priming effect at a given time.
It was observed that priming effect may change direction over time. Zimmerman et al.
(2011) observed in the first 90 days a positive priming effect, while negative priming ef-
fect appeared at a later stage. Woolf and Lehmann (2012) showed that priming effect can
dramatically affect the efficiency of PyOM as a C-sink. They modified the RothC model
(Jenkinson and Rayner, 1977), to include the effect that PyOM could play on mineraliza-
tion of freshly added soil organic C. Suggesting that PyOM on one side would increase the
mineralization of the labile fraction of the freshly added organic matter and on the other
side it would adsorb part of the fresh organic matter, transferring it from the labile fraction
to the stable fraction. They hypothesize that over a time frame of one year C protection
mechanisms would prevail and PyOM would induce a negative priming effect. Projecting
the impact of priming effect induced by yearly additions of PyOM the result would be a net
increase of non-PyOM soil organic C of 50%. Nevertheless a long term projection of the
impact of priming may suffer from our poor understanding of the underneath mechanisms.
Part of the present thesis (particularly Manuscript II and III) is dedicated to the investigation
of the processes that can be responsible for priming effect induced by PyOM.
1.10 Microorganisms and enzymatic activity as a proxy for PyOM and soil
organic C decomposition
Paterson et al. (2009) defined microorganisms as the eye of the needle through which or-
ganic matter has to pass to be mineralized as CO2. In fact although microbial biomass-C
constitutes about 2% of soil organic carbon, soil microorganisms are driving the dynamics
of C and N in soil. The addition of fresh input to the soil, like litter, or organic amend-
ments, is generally supposed to alter microbial structure, mostly by supplying an energy
source (the C) and nutrients (the N). Contradictory results on the effect of PyOM on micro-
bial biomass were observed: Steinbeiss et al. (2009) observed a reduction in soil microbial
biomass, while in other cases an increase was observed (Bruun et al., 2012; Kolb et al.,
2009; Steiner et al., 2008; Liang et al., 2010), also no effect was observed Santos et al.
(2012); Bruun et al. (2008). Kuzyakov et al. (2009) showed that incorporation of PyOM in
microbial biomass is generally low. This may be partially explained by the low availability
of PyOM, but also by the relatively low efficiency of microorganisms feeding on PyOM.
While microorganisms are the engine of most of transformation of organic matter in soil,
enzymes are fundamental to promote cleavage of molecules, and several authors observed
that the addition of several substrates may influence the soil microbial community and the
enzyme production and activity (Nannipieri et al., 2012). Very little is known on PyOM
effect on enzyme activity, also due to the difficulty in differentiating between the influence
of PyOM on soil microorganisms and eventual artifact due to adsorption of enzyme assay
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on PyOM surface Bailey et al. (2011).
2 Research questions
Given the framework described above the present thesis is aimed to answer the following
research questions: (i) What is the PyOM decomposition rate in the field? (ii) Which is the
relative contribution of DOC to losses of fresh PyOM? (iii)What is the effect of pyrolysis
on decomposition rate? (iv) Does PyOM prime the decomposition of non-PyOM C pools?
(v) Does N affect PyOM decomposition? (vi) Does PyOM affect N availability? (vii) Does
PyOM affect microbial biomass?
3 Experimental approach
To answer the above mentioned research questions three independent studies were con-
ducted: (i) a field study aimed to quantify C losses from PyOM in a temperate forest
(Manuscript I and IV), (ii) an incubation experiment to investigate the interaction between
PyOM and the native organic carbon, where C and N mineralization dynamics were ob-
served over time and (iii) a meta-analysis on the PyOM induced priming effect to determine
which factors drives its size and direction, and to speculate on responsible mechanisms. An
overall picture of the points addressed in the present thesis is provided in Figure 9, while a
comprehensive table of the different methods employed in the studies is presented in Table
1.
3.1 The use of stable isotopes to trace C and N fluxes in decomposition
studies
Isotopes are variants of the same element that differ in the mass. Therefore they share
the same electronic structures but differ in the atomic mass. In ecological studies isotopes
have been widely used to trace transformations of elements throughout their biogeochem-
ical cycles (Glaser et al., 2013). Under the assumption that the process investigated, e.g.
mineralization or leaching, do not discriminate between molecules containing different pro-
portions of the two isotopes, it is possible to derive the relative contribution of two sources
of known isotope composition to a pool or a flux. In the present study we used isotopes of
C and N, two of the main constituents of organic molecules.
The use of 13C to measure organic matter decomposition
Under natural conditions approximately 99% of C atoms contain 12 neutrons (12C). How-
ever it is possible to produce plants artificially enriched in atoms of C containing 13 neu-
trons (13C) by growing them under an atmosphere constantly enriched in 13C (continuous
labelling technique) or sporadically enriched in 13C (pulse labelling technique). In the
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Figure 9: Description of the PyOM cycle, continuous lines represent the size of the fluxes
addressed in the present thesis, dashed lines represent the influence on fluxes. Question
marks represent the research questions addressed in the present thesis.
present thesis both the techniques have been adopted to produce artificially labeled mate-
rial, the pulse labelling to produce labeled pinewood (Manuscript I and IV) and the contin-
uous labelling to produce ryegrass (Manuscript II). The characteristics of the two substrates
used in the present study are presented in Table 2. The PyOM artificially enriched in 13C
was used to trace the transformation of C from PyOM to CO2, DOC, and microbial-C.
A two-pool mixed model was applied (Formula 1) to partition a flux or a pool between two
sources of known isotopic composition:
f = 1− (δ 13Cmix−δ 13Corganic input)/(δ 13Ccontrol−δ 13Corganic input) (1)
Where f = fraction of C derived from the organic input, δ 13Cmix indicates the isotopic ra-
tio of C flux or pool to be partitioned, δ 13Ccontrol is the isotopic ratio of control soil, and
δ 13Corganic input the isotopic ratio of the added substrate.
In the field experiment (Manuscript I) we used the Keeling plot approach (Keeling, 1958)
to estimate the C signature of CO2 in the soil. The application of this methodology is nec-
essary to estimate the isotopic signature of CO2 in the soil, since the δ 13CO2 measured
during soil respiration is a mixture of atmospheric CO2 and CO2 derived from the soil.
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Measured Variable Method
Manuscript I and IV (Field experiment)
Soil respiration Infrared gas analyser
13CO2 Keeling plot
DOC Suction plate
PyOM decomposition Partition of CO2 and DOC fluxes using isotopes
(Manuscript I)
13C recovery (Manuscript IV)
PyOM quality BPCA
PyOM incorporation in microbial
biomass
Fumigation and isotopic signature of fumigated
biomass
PyOM translocation along the pro-
file
13C recovery
PyOM incorporation in soil frac-
tions
Soil density fractionation
Manuscript II (Incubation experiment)
Soil respiration NaOH trap
PyOM decomposition Losses as CO2
Microbial biomass Fumigation and isotopic signature of fumigated
biomass
Gross N mineralization 15N isotope dilution technique
Net N mineralization Extraction with 1M KCl
Phenol-oxidase L-dopa assay method
Protease Caseine assay method
Manuscript III (Literature data meta-analysis)
Priming effect size and direction Weighted mean
Relation between PE and PyOM and
soil characteristic
Weighted linear model (boot-strapp)
Table 1: List of the methodologies applied in the different studies.
The 15N isotopic dilution technique
The isotopes of N can be used to measure gross N fluxes in the soil. In the present thesis
N isotopes were used to measure gross N mineralization in the soil containing PyOM by
using the 15N isotopic dilution technique (Khirkham and Bartholomew 1954).
While the classical methods of investigation of N fluxes in the soil consists in the mea-
surement of fluctuation of N in the NH4+ and NO3− pool, the 15N pool dilution technique
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C N H O 13C 15N
weight % atom %
Pinewood 49.9 0.43 6.6 41.1 2.05 4.3
Pinewood-derived PyOM 79.9 0.71 3.43 14.4 2.03 4.2
Ryegrass-derived PyOM 34.4 3.69 2.02 27 4.33 0.37
Table 2: Chemical and isotopic characteristics of the raw material and PyOM used in the
two studies.
allows the measurement of the gross fluxes of N. In the present study gross mineralization,
the flux of NH4+ from the organic N pool to the NH4+ pool was measured by adding a
known quantity of NH4+ enriched in 15N to the soil which contains NH4+ containing 15N
at natural abundance levels. This is done by monitoring the decrease in 15NH4+ (from here
the name of isotope dilution), due to the release of NH4+ from the mineralization of organic
matter, it is possible to estimate the gross N mineralization.
3.2 Models to predict PyOM decomposition
Several publications have been recently released on PyOM stability, most of them apply
laboratory incubations to study PyOM decomposition, as reviewed by Zimmerman and
Gao (2013) and Singh et al. (2012b). Since most of the studies on PyOM decomposition
have been carried for relatively short period of time, several decomposition models have
been fitted to the data, in order to: (i) predict the stability over time and, (ii) compare
the stability of PyOM measured over different time scales. Zimmerman and Gao (2013)
reviewed the different models that have been applied to PyOM decomposition.
The simplest and most often applied model is the exponential (first order) decay model.
This assumes that the rate of PyOM decomposition is a constant fraction of the remaining.
The quantity of initial PyOM remaining in the soil according to this model is described by
the equation 2:
PyOMt = 100 · e−k·t (2)
where the PyOMt is the PyOM remaining at time t (expressed as % of initial), t is the
time, and k is the decomposition rate constant expressed as time−1. The main limitation
of the single pool decomposition model is that the turnover rates of PyOM estimated using
this equation is strongly time dependent therefore short term experiments typically deliver
higher decomposition rates (Zimmerman and Gao, 2013), as presented in Figure 10. This
is due to the fact that PyOM is an heterogenous material and is blend of compounds having
different decomposition rates.
The two-compartment model is a modification of the single pool (equation 2) that tries to
take into account the heterogeneity of compounds present in PyOM. This model assumes
that PyOM compounds can be classified in two categories having different decomposition
rate and that no exchange between the pools is possible. This model although it represents
a simplification of the heterogeneity of molecules contained in PyOM, it is a first approach
towards heterogeneity in PyOM and partially solves the problem of the influence of the
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duration of the experiment and on PyOM turnover time (Figure 10). Two-compartment
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Figure 10: Comparison of the single pool decay model with the double pool decay model.
The single pool has a residual sum-of-squares of 173, while the double pool has a resid-
ual sum-of-squares of 1.5. Also the decomposition of the labile and resistant fraction are
represented separately. The subplot shows the predicted PyOM-C remaining over a longer
time frame of ten years. The two models predict very different quantities of remaining C.
The single pool decomposition model is highly influenced by the initial fast decomposition
rate (data from Manuscript II).
models are described by equation 3:
PyOMt = 100 · ( flabile · e−kl ·t +(1− flabile) · e−kr·t) (3)
where the PyOMt is the PyOM remaining at time t (expressed as % of initial), flabile is the
labile fraction of PyOM, and kl and kr are the decomposition rate constants of the labile and
resistant pool, respectively. These two models are the most widely applied, but also other
models have been used sporadically to describe PyOM decomposition: logarithmic model
(Bai et al., 2013), a three pool model, with two decomposable and a non-decomposable pool
(Farrell et al., 2013), power function model (Zimmerman and Gao, 2013), and Arrhenius
model Zimmermann et al. (2012). In the present thesis we used the single (Manuscript I)
and two pool decomposition model(Manuscript II), depending on model fitness to the data.
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3.3 Field experiment (Manuscript I and IV)
A manipulation field experiment on PyOM decomposition was conducted between October
2009 and October 2010. The study site was located in the Laegeren forest, near Baden
(Switzerland), in a mixed forest of beech and spruce. The objectives of this study were: (i)
evaluate the efficiency of pyrolysis to produce substrates having long mean residence time
(ii) quantify the relative contribution of leaching and mineralization processes to PyOM
loss from the soil, (iii) measure the impact of N input on PyoM decomposition, (iv) ob-
serve the effect of PyOM addition on native soil organic matter mineralization, (v) measure
the incorporation of PyOM C and N in the microbial biomass,(vi) investigate changes in
PyOM chemistry over one year in the field, (vii) measure PyOM translocation along the
profile and (viii) measure the incorporation of PyOM into the different soil fraction. The
experimental setup consisted of mesocosms (15 cm long PVC cylinders) inserted into the
soil where pyrolysed and non-pyrolysed pinewood artificially labeled with 13C was added
to the first 2 cm of the soil inside the mesocosms (Figure 11). Roots and growing grasses
were removed from the mesocosms to eliminate the autotrophic portion of soil respiration.
To estimate the impact of pyrolysis on the stability of organic matter we also non-pyrolysed
organic matter was added to the soil. On a monthly basis mineral N dissolved in water was
added to half of the mesocosms to simulate mineral N deposition from the atmosphere (60
kg N ha−1 year−1).
To answer research questions i-v we followed for one year the losses of PyOM-C from
the soil occurring as CO2 and DOC, these data are reported in Manuscript I. To answer
research questions vi-ix part of the mesocosms installed were extracted after ten months.
The 13C recovery in soil at 5, 10, and 15 cm depth and incorporation in microbial biomass,
and benzene polycarboxylic acids (BPCA), a molecular marker specific to PyOM that gives
information on the condensation of PyOM molecules, were measured. These data are re-
ported in Manuscript IV.
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We	   sampled	   the	   intact	   mesocosms	   (n=18)	   10	   months	   after	   the	   PyOM	   or	   wood	  addition	   to	   the	   soil	   mesocosms.	   The	   soil	   within	   the	   mesocosms	   was	   separated	  immediately	  into	  0-­‐5	  cm,	  5-­‐10	  cm	  and	  10-­‐15	  cm	  depth	  (Fig.	  5).	  Soil	  fauna,	  stones	  (>2	  mm)	  and	  roots	  (>2	  mm)	  were	  manually	  removed.	  Soil	  sub-­‐samples	  were	  air-­‐dried	  	   ball-­‐milled	   for	   physi o-­‐chemical	   nalysis.	   An	   overview	   on	   the	   an lyt cal	  methods	   with	   reference 	   that	   were	   applied	   in	   this	   thesis	   to	   answer	   the	   research	  questions	   is	  given	   in	  Table	  2.	  The	  methodologies	  are	  detailed	   in	  Manuscript	  II	  and	  
Manuscript	  III.	   	  
	  
Figure	  5:	  Experimental	  set	  up	  in	  the	  field,	  sampling	  and	  corresponding	  analyses	  procedures.	  
3.4	  Stable	  isotope	  analyses	  	  The	  application	  of	  13C	  and	  15N	  labeled	  organic	  inputs	  (wood	  and	  PyOM)	  in	  this	  thesis	  helped	  in	  clear	  separation	  of	  PyOM	  and	  wood	  derived	  C	  and	  N	  from	  native	  SOC	  and	  proved	  to	  be	  an	  extremely	  valuable	  and	  powerful	  tool	  for	  tracing	  the	  pathways	  of	  C	  and	  N	  in	  the	  terrestrial	  system.	  Fractions	  of	  labeled	  substrate	  C	  and	  N	  recovered	  in	  different	   soil	   depth	   and	   in	   the	   physically	   separated	   soil	   density	   fractions	   was	  calculated	  using	  a	  two	  end-­‐member	  linear	  mixing	  model	  (Bernoux	  et	  al.,	  1998)	  (as	  in	  Eq.	  3	  and	  Eq.	  4,	  Manuscript	  II).	  	  
3.5	  Density	  fractionation	  	  	  To	   assess	   the	  distribution	  of	  PyOM	  and	  wood	   into	  discrete	  physical	   fractions	   as	   a	  means	  for	  identifying	  mechanisms	  like	  organo-­‐mineral	  interactions,	  density	  fraction	  was	  used.	   In	   this	   study,	   the	   free	   light	   fraction	  (fLF)	  was	  separated	  using	  a	  density	  <1.6	   g	   cm-­‐3	  (Cerli	   et	   al.,	   2012,	   Glaser	   et	   al.,	   2000)	   and	   the	   occluded	   light	   fraction	  (oLF)	  was	  separated	  by	  gentle	  ultrasonic	  dispersion	  (250	  J	  ml-­‐1).	  The	  remaining	  soil	  fraction	  was	  considered	  as	  dense	  fraction	  (DF).	  
Figure 11: Experimental design of the experiment in Laegeren (Singh, 2013).
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3.4 Incubation experiments (Manuscript II)
Following the field experiment in Laegeren we performed an incubation experiment aimed
to elucidate the mechanisms of interaction between PyOM, native soil organic matter and
the addition of mineral N to the soil. This study particularly focuses on the mechanisms
regulating C and N fluxes from the soil, with a special regard to changes in soil pH and en-
zymes activity. The study was carried out in the same soil as the field experiment, but using
a different PyOM, because we used the 15N isotopic dilution technique, therefore using the
same material as in the first experiment (labeled with 15N) would have introduced an addi-
tional source of labeled N, leaving unresolved the equation for the gross N mineralization.
We incubated a mix of soil and 13C labeled rye-grass derived PyOM (+4.3 atom %, see
section 3.1), at a rate of 1.3 weight % for 5 months. We determined PyOM and native
soil organic C mineralization, NH4+ and NO3− content in the soil, gross N mineralization,
phenol-oxidase and protease activities, microbial biomass, throughout the incubation ex-
periment and incorporation of PyOM in microbial biomass at the end of the experiment.
The cumulative CO2 efflux between five sampling dates was measured using NaOH traps.
CO2 trapped in the form of sodium carbonate was then precipited using BaCl. Gross N
mineralization was measured using the isotopic dilution technique, briefly five µg N-NH4+
g−1 soil (15N 3 atom %) were added to the soil and the 15N and NH4+ content was mea-
sured at regular interval for three days. Microbial biomass was measured using fumigation
extraction method, i.e. by lysing the cell with choloroform and measuring C in KCl extract
before and after fumigation. Finally enzymatic activity of phenol-oxidase and protease was
measured over time, using respectively L-dopa and casein as assay.
3.5 Manuscript III: Meta-analysis
As contrasting results are reported in literature and in the two previously described exper-
iments we conducted a meta-analysis on the priming effect induced by PyOM on native
soil organic matter. We compiled out of 20 studies a database of 800 cases, where the C
fluxes from soils amended with PyOM were measured and partitioned among the possible
sources at different time after PyOM addition to the soil. We investigated the relation be-
tween priming effect and the following factors: time, PyOM C content, soil C content, soil
pH, PyOM-C addition, PyOM parent material, soil texture. We investigated separately the
priming effect induced on the fresh organic and on the native soil organic matter.
The main limit of this study resides in the data harmonization, since data were collected
from different experiments and therefore the conversion to a standard formulation required
some harmonization procedure. For example in field experiments CO2 fluxes are typically
expressed on a spatial scale while in incubations they are typically related to the weight of
the soil producing the efflux, therefore we had to assume that only soil until PyOM addition
depth was contributing to soil respiration. Also, the definition of the priming effect induced
by PyOM on fresh organic matter, can be controversial, in fact in studies where PyOM, soil
and non-pyrolysed fresh organic matter are mixed it is necessary to discriminate between
three source of C, but the numbers of isotopes used in the studies on PyOM decomposi-
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tion, maximum two does not allow the discrimination of the three sources, therefore some
assumptions on the source of the C fluxes were necessary (see Manuscript III). To evaluate
which factors were related to priming effect we performed a weighted regression, using
boot-strapping to overcome the problem of normality distribution in our data.
Section Highlights
Three independent studies using different approaches were conducted to investigate the
impact of PyOM on soil C budget and the influence of N on PyOM decomposition:
• Field Manipulation experiment: 13C labeled pinewood-derived PyOM was produced
and added to a forest topsoil, with and without mineral N addition (+60 Kg N ha−1).
The aim of the experiment was to produce the first assessment of PyOM losses in the
field using stable isotopes. We traced the losses of PyOM as CO2 and DOC during one
year (Manuscript I) and measured after 10 months changes in PyOM quality (BPCA
method), quantity (13C recovery), PyOM translocation along the profile (Manuscript
IV), and incorporation in microbial biomass.
• Incubation experiment: A mixture of soil and 13C labeled ryegrass-derived PyOM
(1.3 weight % PyOM addition rate) was incubated for five months under controlled
humidity aneralization, and whether possible N limitation may drive the priming effect.
We measured over five months soil respiration and partitioned it between PyOM and
native soil organic matter, microbial biomass and PyOM incorporation after five months,
NH4+ and NO3− content, gross N mineralization using the 15N pool dilution approach,
protease and phenol-oxidase.d temperature conditions. The aim of the study was to
investigate the relation between PyOM and soil organic C and N mineralization.
• Literature data meta-analysis We conducted a meta-analysis of literature data on
PyOM induced priming effect on native and fresh soil organic matter. We produced
a database reporting priming effect and the corresponding soil and PyOM physical and
chemical characteristics, and the time after PyOM addition. We estimated the size and
direction of priming effect on native and fresh soil organic matter, and the relation be-
tween priming effect and related parameters.
4 Results and discussion
4.1 PyOM mineralization
After one year in the field approximately 0.5% of pinewood-derived PyOM-C was miner-
alized, while cumulative decomposition of non-pyrolysed material was approximately 60
times higher (Figure 12). The incubation study revealed a lower mineralization rate for
the ryegrass-derived PyOM, with a decomposition rate of 4% of initial PyOM-C after five
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Figure 12: Figure (a) shows the mineralization rate of PyOM in the field experiment, un-
der ambient (continuous line) and increased N deposition conditions. Figure (b) shows
wood mineralization under ambient (continuous line) and increased N deposition condi-
tions (Manuscript I).
months (Figure 10). Two reasons can explain the difference between the mineralization
rates observed in the two studies: (i) the PyOM characteristics and (ii) the experimental
approach. The two PyOM differed first of all in the elemental composition. The pinewood-
derived PyOM was characterised by a higher C content, a higher C:N and a lower H:C
compared to ryegrass-derived one. The latter is an indicator of aromaticity, and a predictor
for PyOM stability (Spokas et al., 2009). The PyOM used in the incubation study had a
high H:C ratio, indicating that either pyrolysis transformed part of the organic carbon into
carbonates or that part of the biomass remained uncharred during the pyrolysis process.
Also the experimental approach may have substantially influenced PyOM decomposition
rates. Incubations are in fact known to produce higher decomposition rates than field exper-
iments due to more favourable conditions of constant humidity and temperature. With this
regard the present studies confirmed findings from (Singh et al., 2012b) who observed that
PyOM losses measured in incubation experiments were significantly higher that the one
measured in field experiments. We can rule out that the length of the observation period
has played a role, as suggested by Singh et al. (2012a). In fact first the two experiments had
a comparable duration and second in the incubation experiment the PyOM decomposition
was levelling off already after the first months, therefore we can exclude that we captured
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only the initial flush of PyOM decomposition.
In order to predict remaining litter over time first order decomposition models are often
used Olson (1963). As this was not the object of the present we can not confirm the good-
ness of this type of model for PyOM stability on the long term. Nevertheless, we can
use them to speculate on the remaining PyOM-C over 100 years (the minimum residence
time required by most C offset program). Using this type of model we observed that 50%
pinewood-derived PyOM is stable for at least 100 years while only 8% of ryegrass-derived
PyOM would remain after 100 years (Manuscript I and II).
4.2 PyOM loss pattern
The field study clearly indicates that the main pathway for the losses of fresh PyOM-C loss
was mineralization to CO2. We found that losses of PyOM as dissolved organic carbon
(DOC) were three orders of magnitude lower compared to losses as CO2 (Manuscript I).
Moreover also the translocation of PyOM along the profile was negligible (Manuscript IV).
Our findings confirm the little solubility of fresh PyOM (Abiven et al., 2011; Kuzyakov
et al., 2009; Jones et al., 2011). To reconcile our results with evidences of substantial
quantities of PyOM recovered in the oceans (Dittmar, 2008; Ziolkowski and Druffel, 2010;
Dittmar et al., 2012), I hypothesize that losses of PyOM by erosion are the main mecha-
nism for transfer of PyOM from the soil to water bodies. Major et al. (2010), in an experi-
ment similar to ours hypothesized that losses by erosion could account up to 35% of added
PyOM-C confirming findings from Rumpel et al. (2006).
Moreover it is likely PyOM becomes more soluble with ageing as a result of increased ox-
idation (Abiven et al., 2011), therefore it is possible that losses of PyOM from our study
will increase substantially in the future. Also, part of PyOM leaching through the soil may
be blocked in the soil matrix, since the soil of the study site had a high clay content.
4.3 PyOM and priming effect
We found contrasting results regarding the interaction between PyOM and native soil or-
ganic matter: in the field experiment, both the C recovery at the end of the experiment
and the CO2 efflux and partition measurements indicated that PyOM may have primed the
losses of native soil organic C (Manuscript I and IV). Nevertheless the priming effect was
not statistically significant, most likely due to the high spatial variability and the little num-
ber of replicates. The incubation experiment showed a two-phase pattern for priming effect,
a strong initial positive priming effect was observed at the beginning of the experiment fol-
lowed by a phase of negative priming effect that persisted until the end of the experiment.
N did not affect the priming effect (Manuscript II, Figure 13). When cumulated over time
the mineralization of native soil organic matter was higher in the control than in the PyOM
addition treatment, i.e. we observed a cumulative negative priming effect after five months
of incubation. The meta-analysis on priming effect showed a similar pattern with positive
priming effect on the short term and negative priming effect appearing at a later stage.
Several mechanisms have been proposed to justify priming effect, they are discussed in
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Figure 13: Priming effect induced by PyOM on native soil organic matter mineralization.
Priming effect is expressed as change of the mineralization rate with to control. Empty
triangles indicate priming effect in no N addition treatment while full triangles are priming
effect in N addition treatment (data from Manuscript II).
depth in the Manuscript III. I believe that in the incubation experiment the increase in mi-
crobial activity can be attributed either to the presence of a labile fraction in the PyOM or
the PyOM induced increase of soil pH. The initial positive priming effect caused a depletion
of the C pool, and limited the substrate available to microorganisms causing therefore the
negative priming effect. Alternatively the negative priming effect may have been caused by
the adsorption of native soil organic matter on PyOM (physical protection mechanism). The
meta-analysis revealed also that a positive initial priming effect was negatively correlated
to PyOM C content, i.e. the PyOM was characterized by a low degree of condensation, was
more available to microorganisms and thus acted as a feeding substrate. We hypothesize
that negative priming effect is due to the influence of PyOM on soil physical characteristics
like soil aggregation (Vasilyeva et al., 2011), i.e. to the increase of physical protection.
While in Manuscript I, II and IV we investigated the influence of PyOM on native soil
organic carbon, in Manuscript III we also observed the effect of PyOM on fresh organic
matter, we found that PyOM induce mostly a negative priming effect on the fresh organic
matter, however it was not possible to identify the factors responsible for this, due to the
paucity and heterogeneity of literature data on the topic.
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4.4 N influence on PyOM mineralization
N addition reduced mineralization of PyOM when measured as CO2 losses in the field
(Manuscript I), however this result was not confirmed by the C recovery ten months after
the addition of the PyOM (Manuscript IV, Figure 12). This difference may be due to the low
sensitivity of the C recovery method compared to the CO2 measurement. However in the
incubation experiment we did not observe an effect of N addition on PyOM decomposition
(Manuscript II). The factors that could explain such different behavior between the two
experiments are: (i) the C:N of PyOM that was much higher in the pinewood-derived PyOM
(Table 2) and, (ii) the frequency of N addition, in fact in the incubation experiment N was
added all at the beginning of the experiment, while in the field study N was added monthly.
The C:N of the substrate may alter the impact of N input, in fact the addition of N to
substrate with a high C:N may prevent the microorganisms from mining the recalcitrant part
of the substrate from mining for N. However in an incubation experiment using the same
PyOM of our field experiment Santos et al. (2012) did not find any effect of N on PyOM
mineralization. This may suggest that the way N is added to the system may influence
its effect on PyOM. In fact it could be that PyOM adsorb the N (Jones et al., 2012), and
therefore, when added in one single solution, the effect of PyOM rapidly disappears.
4.5 PyOM influence on N mineralization
In the incubation experiment we observed that PyOM increased gross and net N mineraliza-
tion rate on the short term (three days). However it was not possible to distinguish whether
the increase in mineral N was derived from decomposition of PyOM or from the increased
decomposition of native soil organic matter, i.e. was due to priming effect (Manuscript
II). Given the good relation between N mineralization and CO2 efflux (see Figure 14, we
believe that the increase in microorganisms activity stimulated by PyOM induced also an
increase in mineral N content of the soil. However recent evidences (Knicker et al., 2013)
showed that PyOM-N is readily assimilated by plants and microorganisms. Irrespective of
the mechanism involved in the increase of N mineralization PyOM followed the rule of the
correlation between C:N ratio and N mineralization: substrates characterized by low C:N
ratio tend to release N on the short term, confirming findings from Bruun et al. (2012).
4.6 Incorporation of PyOM in microbial biomass
Both field and laboratory incubation experiments highlighted that only a marginal quan-
tity of PyOM was incorporated in the microbial biomass, equivalent to 0.46% and 0.15%
of initial PyOM, in the laboratory (Manuscript II) and in the field experiment respectively
(Manuscript IV). This confirms that irrespective of the differences in PyOM decomposabil-
ity of the two PyOM used in the experiment, the availability of PyOM to microorganisms
was limited. The low incorporation of PyOM into the microbial biomass suggests that
PyOM is probably not their main feeding substrate, at least not after several months when,
if present, the labile fraction of PyOM has been decomposed.
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the PyOM incubation experiment.
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Section Highlights
In this section the results from the three studies were presented using a synoptic approach.
We observed that:
• PyOM decomposition of pinewood-derived PyOM was slower than ryegrass-derived
PyOM. This may be attributed both to the PyOM characteristics, and to the experimental
setup (field experiment vs incubation).
• Both the incubation and the meta-analysis showed that PyOM may induce a double
phase priming effect with a positive priming effect on the short term followed by a
phase of negative priming.
• N addition did reduce the decomposition rate of PyOM in the field experiment but not
in the incubation experiment. This may be attributed to the different characteristics of
the PyOM used (ryegrass derived with low C:N vs. Pinewood derived with high C:N)
or to the frequency of N addition (single addition at the beginning of the experiment or
monthly addition).
• Ryegrass-derived PyOM increased gross and net N mineralization on the short term.
• Incorporation of PyOM in microbial biomass was extremely low both after 5 months
( ryegrass-derived PyOM incubation) and after one year (pinewood-derived PyOM field
experiment).
4.7 Implications for the C cycle
Our results indicate that wood-derived PyOM has a mean residence time ranging in the
centennial time scale, when measured in the field. A hundred years is the minimum res-
idence time required by many voluntary C emission reduction schemes to consider it as
beneficial in terms of C sequestration. If we adopt this threshold in studies on the C budget
of forest fires we can conclude that neglecting the impact of charcoal production may lead
to an overestimation of the impact of the fire on C emissions. Nevertheless results from
our field studies on the decomposition pattern of PyOM showed that the interaction be-
tween environmental conditions like temperature and PyOM decomposition may limit the
application of the most commonly used models (like exponential decomposition models) to
predict PyOM stability. Therefore I believe that the incorporation of PyOM into C budget
is so far mostly limited by: (i) Uncertainty on the PyOM production rate depending on fire
conditions (ii) limited knowledge on the applicability of most commonly adopted decom-
position models (RothC, Yasso) to soils containing PyOM. The present study also shows
that priming effect may significantly impact the C cycle, at least on the short term. While
this has for sure implications for the cycling of other elements like N, that are bounded to
C and whose mineralization is strictly correlated to the one of C (see manuscript II), less is
known on its long term impact as studies are lacking specially in the field. Interestingly my
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study did not show a correlation between the rate of PyOM added and the priming effect
observed, but rather with the type of PyOM added with PyOM containing a labile fraction
inducing more positive priming effect on the short term. When looking at this result from
the perspective of the environmental mangers intending using biochar we can recommend
that the possible presence of a labile fraction in biochar needs to be taken into account when
engineering the production of the biochar material.
5 Conclusion:
This thesis investigated the role of PyOM on the soil C and N dynamics. We showed for
the first time in a field experiment in the temperate region, using PyOM artificially enriched
in 13C that pyrolysis reduces the decomposition rate of pinewood by a factor of 60. This
evidence strongly indicates that the charcoal produced during forest fires needs to be taken
into account when producing C budget of fire events. Similarly it indicates that pyrolysis
can increase the mean residence time of agricultural residues (biochar) in soil and therefore
mitigate climate change. However a number of evidences from this work warn us on the
factors that may alter the net effect of PyOM on C storage. Particularly it was observed that
N may affect PyOM stability, depending on PyOM chemical composition and the frequency
of N addition. Also the feedstock material will greatly influence the stability of PyOM; par-
ticularly we observed that grass-derived PyOM was less stable than wood-derived PyOM.
However a direct comparison of pinewood and ryegrass decomposition rate in the present
thesis was probably influenced by the different methodology adopted.
This work suggests that the presence of a labile fraction in PyOM may induce priming ef-
fect and increase N mineralization rate as a result of increased microbial activity.
Therefore I believe that treating PyOM as a blend of molecules of various microbial avail-
ability, rather than as an homogeneous material, will improve the capacity to predict PyOM
impact on the C balance. A first approximation to this approach maybe partitioning PyOM
into two pools of different stability.
We also investigated the pathway for PyOM losses and found that losses of fresh PyOM as
dissolved organic carbon and translocation through the soil profile were minimal compared
to losses as CO2. This result contributes to resolve the conundrum of the origin of the high
quantity of PyOM observed in oceans and rivers. In fact the absence of important losses by
leaching points toward erosion as the main factor of PyOM transport to water bodies.
I conclude that when producing the C-budget of soils containing PyOM, next to more tra-
ditional factors like feedstock material and pyrolysis temperature also factors like the inter-
actions with non-PyOM and the status of nutrient in the soil need to be taken into account.
Particularly the presence of a labile pool in PyOM, and its size may be an important pre-
dictor for the capacity of PyOM to serve as a feeding substrate for microorganisms whose
activity drives C and N mineralization in the soil.
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6 Research Perspectives
Research on PyOM has received an increasing attention over the last ten years. Several
books, journal special issues and conferences has been released and organized on this topic.
I believe that one of the main challenges in PyOM research for the next future will be
producing a comprehensive evaluation of the published experimental works. Based on the
current state of research I outline below some of the research topic that I believe will need
further investigation in the future:
6.1 Integrating research on biochar PyOM and wildfire derived PyOM
A dualism exists in literature between biochar derived PyOM and fire derived PyOM. I
believe that a deeper investigation of the differences among these two types of PyOM would
allow the integration of results from studies on PyOM of different origin. In particular I
believe that understanding the effect of different oxygen levels during pyrolysis is the key
to comprehend the differences between biochar produced under absence of oxygen and
fire-derived PyOM produced under local and temporary oxygen limitation.
6.2 Estimating the size of the labile fraction in PyOM
There is a growing body of evidences that PyOM contains a labile fraction that represent
the active fraction of PyOM. The size of this fraction is likely to be responsible for many of
the short term effect of PyOM, like rapid initial loss of PyOM (the so called Black Carbon
paradox), priming effect, and release of nutrients from PyOM and soil organic matter. I
believe that the definition of a standardized methodology to rapidly measure or predict the
size of the labile fraction in PyOM will improve our capacity to assess the impact of PyOM
on soils, particularly in agroecosystems.
6.3 PyOM in water: erosion or leaching of old PyOM
The conundrum on the origin and fate of PyOM in water bodies is not yet fully resolved.
Although evidences that erosion can produce significant PyOM losses are increasing, this
topic did not receive enough attention probably because of the challenges in measuring
eroded PyOM-C. Investigating PyOM-C losses their fate once they have reached water
bodies will greatly improve our understanding of the impact of PyOM on the C cycle.
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 Abstract 
Pyrogenic organic matter (PyOM) plays an important role as a stable carbon (C) sink in the 
terrestrial ecosystems. However, uncertainties remain about in situ turnover rates of PyOM in 
soil, the main processes leading to PyOM C and nitrogen (N) losses from the soil, and the 
role of N availability in PyOM cycling in soils. 
We measured PyOM and native soil organic carbon losses from the soil as carbon dioxide 
and dissolved organic carbon (DOC) using additions of highly 13C-labelled PyOM (2.03 atom 
%) and its precursor pinewood during one year in a temperate forest soil. The field 
experiment was carried out under ambient and increased mineral N deposition (+ 60 Kg N 
ha-1 year-1). The results showed that after one year: 1) 0.5% of PyOM-C and 22% of wood-C
were mineralized as CO2, leading to an estimate of minimum turnover time of 191 and 4 years 
respectively, 2) the quantity of PyOM and wood lost as dissolved organic carbon was 
negligible (0.0004±0.0003 % and 0.022±0.007 respectively); and 3) N additions decreased 
cumulative PyOM mineralization by 43%, but did not affect cumulative wood mineralization 
and did not affect the loss of DOC from PyOM or wood. We conclude that mineralization to 
CO2 was the main process leading to PyOM losses during the first year of decomposition in a 
forest soil, and that N addition can decrease PyOM C cycling while leaving unaltered wood C 
cycling.
1. Introduction 
Pyrogenic organic matter (PyOM) is the product of incomplete combustion of biomass 
(Goldberg, 1985) and is an important soil C pool because it can represent up to 45% of soil 
organic carbon (Schmidt et al. 1999). Moreover, PyOM input from biomass burning is likely 
to increase in high-to-mid–latitude-regions in the future (Westerling et al. 2006; Moritz et al. 
2012), because climatic conditions favouring fire will probably become more frequent. Due 
to its aromatic structure, PyOM has been hypothesized to be particularly resistant to microbial 
decomposition (Schmidt and Noack, 2000) and have a centennial mean residence time 
(Schmidt et al. 2011; Singh et al. 2012).
Several recent publications have investigated PyOM decomposition rate under controlled 
laboratory conditions (Hilscher et al. 2009; Kuzyakov et al. 2009; Abiven and Andreoli, 
2010; Santos et al. 2012). However, only a few field experiments have been conducted, 
mainly because the decomposition rate of PyOM is difficult to detect without dedicated 
techniques such as isotopic tracers and/or biomarkers. Most field studies have been 
observational, comparing the PyOM content of archived soils or chronosequences. Hammes 
et al. (2008) compared the change in PyOM in a Chernozem sampled twice at 100 years 
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interval and found a loss of 25% using the benzene polycarboxylic acid (BPCA) technique. 
Using a chronosequence of soils that underwent slash and burn at different times over the last 
100 years, Nguyen et al. (2008) found a loss of 30% soil PyOM over this period; the authors 
used the NMR technique for analysing pre-oxidized handpicked samples. For the same 
samples using the BPCA technique, Schneider et al. (2011) observed no change in the PyOM 
content of soils that received PyOM deposition for 2 to 100 years. This approach of using 
archived or chronosequence samples is limited by the lack of information regarding the 
amount of initial input of C to the soil and the changes in edaphic conditions during the 
decomposition. An alternative method that overcomes the need to analytically isolate PyOM 
is to use stable isotopes, which allows the fate of added PyOM to be traced over time. Major 
et al. (2010) used this approach in a field trial in a tropical ecosystem. They added PyOM 
produced from mango tree (C3 plant) to a grassland soil in Colombia (soil organic matter 
derived from C4 plants), and by measuring soil respiration and 13C-CO2 found that 2.2% of
the added PyOM-C was lost as CO2 over two years. However, due to the slow rate of 
decomposition of PyOM, the difference in 13C due to the plant photosynthetic pathways was 
not enough to observe a significant change in the 13C content of CO2 efflux, even though they 
observed an increase in soil respiration (SR). The study by Major et al. (2010), who found 
that losses as DOC were lower than 1% of the initially added PyOM-C, is the only study to 
our knowledge, that has assessed the mineralization and leaching losses of PyOM.
Singh et al. (2012) reviewed PyOM mean residence time by compiling a database with results 
from studies using different experimental designs. One clear message was that PyOM mean 
residence time was longer in field studies than in incubation studies, but the reason for that 
could not be reduced to one single factor. First, the constant temperature and moisture 
conditions in the laboratory may increase the decomposition of PyOM-C together with 
mixing soil and substrate at the beginning of the experiment. Second the short duration of 
incubation studies might overestimate turnover time of PyOM, because short-term 
experiments capture only the initial higher decomposition rate of PyOM (Hamer et al. 2004, 
Kuzyakov et al. 2009). Third, specific stabilisation processes, might need particular climatic 
conditions, for example freeze-thawing or disaggregation - aggregation, which usually occur 
under field conditions. The lack of short-term field manipulation experiments, does not allow 
disentangling this conundrum.
Losses of PyOM from soil have been shown to also occur as dissolved organic carbon 
(DOC), however there are contrasting evidences on the importance of this pathway for 
PyOM-C losses. Consistent losses of PyOM as DOC were observed by Leifeld et al. (2007)
who reported that 21-69% of PyOM moved below the ploughing depth (30 cm) over at least 
50 years, in a former agricultural soil where combustion residues were disposed. Substantial 
quantities of PyOM have been detected in riverine (Kim et al. 2004) and marine (Thorsten 
Dittmar, 2008; Ziolkowski and Druffel, 2010) DOC. Abiven et al. (2011) found that the 
soluble fraction in PyOM was 1 g C kg-1 PyOM-C, while PyOM aged in the field (10 years) 
contained a much higher fraction of the soluble PyOM, with a value of 41 g C kg-1 PyOM-C.
Major et al. (2010), reported PyOM losses as DOC of 0.2 g C kg-1 PyOM-C over a two year
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period. Moreover, the lack of data on losses of PyOM-C as CO2 and DOC derived from same 
experiment leaves unresolved the question on the relative importance of the two processes 
(Bird et al. 1999; Hammes et al. 2008).
Also soil erosion can also cause losses of PyOM from a given location or watershed, mainly 
due to its low bulk density. For example Rumpel et al. (2006) found that PyOM-C can 
represent up to 30% of eroded carbon in a tropical watershed. However, erosion losses were 
not determined in the present study.
It has been also observed that PyOM may change the turnover rates of the native soil organic 
matter (SOM) already present in the soil. PyOM additions to soil has been found to increase 
(Wardle et al. 2008; Major et al. 2010; Luo et al. 2011), decrease (Liang et al. 2006; Cross 
and Sohi, 2011) or have no effect (Kuzyakov et al. 2009; Cross and Sohi, 2011; Santos et al. 
2012) on the decomposition rate of the native soil organic matter in soils. Keith et al. (2011)
found that PyOM increased the decomposition of native soil organic matter and decreased the 
decomposition of fresh organic matter added along with the PyOM. They suggested that 
small portions of labile PyOM may trigger the decomposition of the native soil organic 
matter, while fresh organic matter is incorporated in the microaggregates whose formation is 
promoted by PyOM (Liang et al. 2010). This change in the SOM decomposition rate, also 
called priming effect, is an important feedback mechanisms than can modify the carbon 
stocks in soils. Positive priming effect (an increase in SOM decomposition) has been related 
to the PyOM particles serving as a surface for microbial growth (Wardle et al. 2008), to the 
increased root inputs from plants following PyOM inputs (Major et al. 2010), or to the liming 
effect of PyOM addition (Luo et al. 2011). A negative priming effect has been explained by 
the adsorption of organic matter on PyOM surface in a way that protects it from 
mineralization (Liang et al. 2006; Cross and Sohi, 2011).
In addition to its chemical structure, PyOM decomposition may be affected by other drivers 
of the ecosystem, such as inorganic nitrogen (N) availability. Increased N deposition has been 
observed to have contradicting effects on soil organic matter dynamics, increasing (Burton et 
al. 2004) or decreasing (Pregitzer et al. 2007) decomposition rates. Where observed, reduced 
mineralization has been explained by a decrease in the activity of ligninolitic enzymes 
(Carreiro et al. 2000; Sinsabaugh, 2010) which could particularly affect PyOM given its 
aromatic structure. Alternatively a shift in microbial decomposers community toward more 
efficient C-user microbes has been suggested (Janssens et al. 2010) to be responsible for 
decreased soil respiration.
We added 13C-labelled PyOM and 13C-labelled wood parent material, Pinus Ponderosa, to the 
soil of a forest clearing, with two levels of N addition (0 and +60 kg N ha-1 year-1) to trace 
losses of C as CO2 and as DOC, and to directly estimate priming effect. The focus was on the 
following research questions: (1) What is the CO2 mineralization rate of PyOM compared to 
that of the un-pyrolized wood substrate? (2) How much PyOM is lost as DOC? (3) Does 
PyOM induce a priming effect on native soil organic matter? (4) What is the effect of N 
deposition on soil C and PyOM-C fluxes from the soil?
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2. Materials and methods 
2.1 Field Study 
The field experiment was located in a temperate forest adjacent to a CarboEurope forest 
tower on the Laegern mountain (CH-LAE, 47°28’42.0”N; 8°21’51.8”E, altitude is 700 m 
a.s.l., mean annual soil temperature 10 ºC), 20 km from Zurich, Switzerland. The overstory 
vegetation consists mainly of beech (Fagus sylvatica L.), spruce (Picea Abies L.), ash 
(Fraxinus excelsior L.), fir (Abies alba Mill.), and small-leaved lime (Tilia Cordata Mill.), 
and understory of Allium ursinum (L.) (Ruehr et al. 2009). The soil is a Cambisol (sand: 45%, 
silt: 24%, clay: 31%), rich in organic C (34 g C kg-1, Table 1). 
The experimental design was a 3x2 factorial experiment, we tested three organic input 
treatments (control - corresponding to no input, wood, and PyOM) and two N addition levels 
(ambient and +60 kg N ha-1 year-1). The experiment was set-up in three blocks each 
containing all the possible combinations of input treatment and N addition, i.e. the experiment 
was composed of three replicates. The experimental blocks were located in a forest gap of 
approximately 0.5 ha. We installed 18 mesocosms, each consisting of 20-cm long, 10-cm 
diameter polyethylene cylinders which were inserted in the soil down to a depth of ca. 15 cm 
with 5 cm above the soil surface. Each mesocosm had an open bottom and had two 0.7 
mm-mesh covered “windows” (4–cm diameter) placed at distances of 7.5 cm and 12.5 cm 
distance from the bottom. These windows were added to the mesocosms to allow biological, 
chemical, and climatic equilibration with the external environment, without coarse roots 
entering. Mesocosms were installed in April 2009 and labelled organic input addition 
occurred in October 2009. 
Any grass and roots growing inside the mesocosms were removed by clipping each time CO2 
was sampled (see the section on CO2 efflux) to avoid including autotrophic respiration in the 
measurements. 
Half of the mesocosms received N fertilization (60 kg N-NH4NO3 ha-1 yr-1) with 5 kg ha-1
applied every month (10 kg ha-1 was applied exceptionally three times to catch up with 
application delay due to the accessibility of the research site). N was first added to soil in 
March 2010, 6 months after the application of organic inputs. In each block at a depth of 5 cm 
we placed a sensor measuring temperature and soil moisture (5TM soil moisture sensor, 
Decagon, USA). The data collected prior to March 2010 were thus not affected by the N 
fertilization.
2.2 Organic inputs 
The pine wood and PyOM added to the soil mesocosms were isotopically enriched in 13C (see 
Table 2). Two-years-old pine saplings (Pinus Ponderosa) were labelled with 13C–CO2 under 
controlled greenhouse conditions. They were exposed to ten photoperiods of enriched 
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13C–CO2 (10 atom %) during the course of their growth (Bird and Torn, 2006). PyOM was 
produced by pyrolyzing the labelled wood at 450 °C for 5 h under N2 atmosphere, as 
described in (Santos et al. 2012). The PyOM and wood were subsequently milled (< 2 mm) 
and their C, N, and 13C content analysed (see Table 2). The equivalent of 397 g C m-2 of 
PyOM and 189 g C m
2.3 Soil respiration 
-2 of wood were placed at a soil depth of 1 cm within mesocosms, and 
the soil was mixed. The soil in the control mesocosms was also mixed to 1 cm. The detailed 
chemical composition, structure, and isotopic content of the pine wood and PyOM used in 
this study are described in (Chatterjee et al. 2012). Chatterjee et al. (2012) report that the 
pyrolisis of wood lead to a depolymerisation of hemicelluloses and cellulose which were less 
present in the char than in the wood. Unfortunately their study did not allow concluding on 
the fate of ligneous components of wood, which may be partially or totally transformed into 
new aromatic compounds during the charring process.
Soil respiration (SR) was measured 16 times during one year using a Li-Cor 8100 equipped 
with a chamber (10 cm diameter, 854.2cm3
Soil respiration was measured three times per mesocosm on each sampling date for 90 
seconds. To allow the re-equilibration of the CO2 concentration between the chamber and the 
atmosphere measurements were taken 90 seconds apart. At the same time, we also collected 
samples to measure the 13C enrichment of soil respired CO2. A Keeling plot approach 
(Keeling, 1958) was used to estimate the 13C enrichment of the soil-respired CO2 and to 
calculate the 13C excess efflux from enriched PyOM and wood C. An 800 cm3 chamber was 
placed on top of the mesocosms and CO2 was sampled with a syringe three times at regular 
intervals over 9 minutes while the CO2 increased. To produce each keeling plot we took three 
gas samples, collected after 0, 4.5, and 9 minutes, corresponding to a total average interval of 
246 ppm between the gas sample taken at minute 0 and the one taken at minute 9. We 
sampled 17 ml of gas from the chamber, which was injected into a 12 ml vial (Exetainer, 
Labco, United Kingdom) using overpressure as suggested in Joos et al. (2008). Prior to 
sampling, the gas vials were flushed with N2 three times, and stored under N2. The 13C
enrichment of the CO2 samples was measured using an isotope ratio mass spectrometer 
(IRMS) (Delta-S, Finnigan MAT- Thermofscher scientific,Waltham, USA). Keeling plots 
were accepted if r
volume) on the following sampling dates: 6, 13, 
20 November in 2009; 31 March, 8 and 29 April, 18 May, 4 and 22 June, 9 and 20 July, 4 and 
26 August, 16 September, 4 October, 4 November in 2010. The hiatus between November 
and March 2009 is due to snow covering the soil. 
2 of the regression line was higher than 0.9, if r2<0.9 the data were 
	
 
 
 
 13C -4.4 ‰ was applied to the soil 13C-CO2 efflux for isotopic 
discrimination processes occurring during CO2 diffusion from the soil as suggested by 
Mortazavi et al. (2004). Where data for soil respiration and 13C-CO2 were missing due to 
47 CHAPTER B. MANUSCRIPTS
technical failure they were replaced by the average of the same day of the corresponding 
treatment.
2.4 Dissolved organic carbon 
Suction lysimeters (multilayer borosilicate 1 μm pore 10-cm diameter, Ecotech, DH) were 
placed at the bottom of the mesocosm (at a depth of 15 cm) and kept under constant vacuum 
at 650 to 750 mbars. Soil water was collected 9 times over the study period, on the following 
dates: 
27 November, and 17 December in 2009, 14 January, 26 February, 13 May, 22 June, 24 
August and 26 November in 2010.
Water samples were filtered using a 0.45 μm cellulose acetate membrane. DO13C
measurement failed on two dates (27 May and 22 June) and since not enough material was 
left to repeat the measurement, these two sampling dates were discarded. The solution pH and 
electrical conductivity were measured (Metrohm, 620 pH meter, Switzerland, and WTW 
tetracon, 325, Austria) and samples after filtration stored at 4°C for maximum three weeks. 
Total organic carbon content was measured on a 20 ml subsample of the leachate. A second 
subsample of 60 ml was freeze-dried after removing potential carbonate by lowering pH to 
2.8±0.1. Freeze-dried DOC (2–4 mg) samples were analyzed for total C using an elemental 
analyzer (Shimatzu, Asi-v, Kyoto, Japan) and 13C enrichment was measured with an IRMS 
(Delta-S, Finnigan MAT- Thermofscher scientific,Waltham, USA), coupled to an elemental 
analyzer (EA 1100, Carlo Erba, Italy). Where data for DOC and DO13C were missing due to 
technical failure they were replaced by the average of the same day of the corresponding 
treatment. If the fraction derived from the substrate (Equation 1 was below 0), then this was 
set to 0.
2.5 Calculations 
The partitioning of the CO2 and DOC fluxes between native SOM-derived and 
organic-input-derived (wood and PyOM) was calculated using Equation 1 from Balesdent 
and Mariotti, (1996):
f = 1 - 13Cmix - 13C organic input

13Ccontrol -13organic input) [1]
Where f = fraction of CO2 
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 13Ccontrol = the isotopic 
signature of soil CO2 or DOC in the control treatment. The priming effect, i.e the change in 
native SOM mineralization due to the organic input was calculated for each sampling date as 
in Equation 2:
PE =(SRnative – SRcontrol ) [2]
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Where SRcontrol = soil respiration in the control treatment and SRnative=mineralization rate of 
the native soil organic matter in PyOM or wood treatment, calculated as: SRtotal-(SRtotal*f) 
where SR substrate is the total soil respiration in the substrate treatment.
To interpolate soil respiration between sampling dates, we modelled the CO2 fluxes 
according to the method proposed by Fang and Moncrieff, (2001) (Equation 3). Kammer et 
al. (2011) successfully applied this model to the same site area as our study, and Ruehr et al. 
(2009) showed that the soil moisture affects soil respiration only when moisture is lower than 
15 volume % . Soil moisture was always higher than this value during our study period, so 
soil moisture dropped out of our model and soil respiration was calculated as:
SRinterpolated = a*(T - Tmin)*b  [3]
where T = the soil temperature (°C) measured at a depth of 5 cm (30 minutes measurement 
interval), Tmin is the temperature at which SR is supposed to be 0 (in this case fixed to 
-20°C) a, and b are model parameters calculated for each single mesocosm. The simulated 
soil respirations for different treatments are shown in Figure 1. PyOM mineralization 
measurements were linearly interpolated between sampling dates using Equation 4 assuming 
that the fraction derived from PyOM varied linearly between dates:
PyOM mineralization rate = SRinterpolated * finterpolated [4]
where finterpolated values were calculated by interpolating between subsequent sampling date 
values obtained from Equation 1 as in Ngao et al. (2005) and Kammer and Hagedorn (2011).
The modelled organic input mineralization (Figure 1) and the fraction derived from the 
labelled organic substrate in the period November 2009-March 2011 in the increased N 
deposition treatments was made equal to the mineralization occurring in the ambient N in the 
correspondent period to stress the effect of N addition.
We fitted the initial and the remaining quantity (Table 3) of PyOM at the end of the 
experiment, calculated by cumulating values from Equation 4, to a first-order decay model to 
estimate the Mean Residence Time (MRT) of PyOM and pine wood, as in Singh et al. (2012).
Decomposition at time t in the first order decay model is expressed as follows: 
-dC/dt=k*Ct [5]
where C is the size of PyOM-C or the wood-C pool. From this formula it is possible to derive 
the pool size at time t using Equation 6, assuming that the inputs to the system were equal to 
0 and that losses as DOC were negligible:
Ct = Ct=0 e- k t  [6]
Where k is the constant decay rate, and then calculate the mean residence time (MRT), for 
each mesocosm as:
MRT=1/k  [7]
2.6 Statistical analyses 
The effects of treatment, N addition, and time were tested on the following variables: soil 
respiration, the fraction derived from added substrate in soil respiration and DOC, DOC daily 
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production rate, soil water conductivity and soil water pH, using repeated measures ANOVA 
and individual ANOVA procedures on individual sampling dates.
Two different repeated measures ANOVA were performed: one over the time period 
November 2009-November 2010 to test the effect of different organic inputs and time, and 
their interactions, and another was performed over the period March 2010-November 2010 
(during the N addition period, started in March 2010). Individual comparisons within the 
same organic treatment and the N-addition treatment were performed using Tukey’s 
comparison to test differences among sampling dates. 
T-tests were performed on individual sampling dates (ambient and increased N treatment 
pooled together) to test whether the fraction derived from CO2 was significantly different 
from 0.
Repeated measures ANOVA was performed using SPSS Statistics v.18 (IBM, New York, 
USA) and Tukey’s comparison tests were performed using R (version 2.10), extended by the 
“agricolae” package.
3. Results 
3.1 Soil respiration rates, organic input mineralization, and priming 
effect 
The average soil respiration rate (SR) in the control treatment (no additions) during the year 
was 2.0±0.1 μmol CO2 m-2 s-1. Neither N nor organic input addition significantly affected the 
soil respiration rates whereas time did, with higher respiration rates measured in July and 
September (repeated measures ANOVA p<0.001, Figure 1). 
The fraction of soil respiration derived from the substrate was significantly higher in the 
wood treatment than in PyOM for all sampling dates (Post-Hoc Tukey test p<0.05, Figure 3). 
Nitrogen addition did not have a significant effect on the fraction derived from the added 
substrate.
Under ambient N the fractions of soil respiration derived from PyOM on 6 November 2009 
was significantly different from that measured on 18 May 2010. Under increased N, during 
the period March 2010-November 2010, we observed no differences in the PyOM derived 
fraction of soil respiration among sampling dates (Post-Hoc Tukey test. p<0.05, Figure 3 a).
For the wood treatment under ambient N, the wood derived fraction of the 6 and 20 of 
November 2009 was significantly higher than the one measured between June and November 
2010. Under increased N, during the period March-November 2010, only the fraction derived 
from wood on the 31 March was significantly different from the following ones (Post-Hoc 
Tukey test. p<0.05, Figure 3 b).
The PyOM decomposition rate was on average 0.0022±0.0003 % and 0.0011±0.0002 % of 
PyOM-C day-1 added under ambient and increased N, respectively. Wood decomposition rate 
was 0.077±0.008 and 0.081±0.008 day-1 of % wood-C added under ambient and increased N,
respectively.
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N addition did not significantly affect the decomposition of the substrates. On individual 
sampling dates N addition significantly decreased PyOM decomposition only on the 20 July, 
while wood decomposition was not affected by N addition at any stage (Figure 4). No 
significant difference in mineralization rate was observed among sampling dates.
The mineralization of native soil organic matter, calculated as soil respiration minus organic 
substrate-derived CO2 in the substrate-addition treatment or raw soil respiration in the control 
treatment, was not significantly affected by either the addition of the organic inputs or the 
addition of N, i.e. no priming was observed (Figure 6, repeated measures ANOVA, p<0.05). 
However, under ambient N the PyOM induced priming effect tends to be higher.
Using Equation 4 we estimated the quantity of PyOM-C and wood-C lost as CO2 over one 
year. PyOM-C losses were 0.5 ± 0.1 % of initial PyOM-C and wood-C losses were 22 ± 3% 
of initial wood-C input. N addition significantly decreased the PyOM-C decomposition to 
0.3±0.1%, (t-test, p<0.05), while wood decomposition was not affected by N addition (Figure 
5, Table 3). The MRT calculated according to Equation [7] was 191 ± 24 and 430 ± 146 years 
for PyOM-C for ambient and increased N, respectively and 4±1 years for Wood-C for both 
ambient and increased N treatment.
3.2 Dissolved organic carbon 
DOC production rate did not significantly differ with treatment and different levels of N 
added, and nor did its pH, conductivity, or volume (data not shown). The fraction of DOC 
derived from the substrate was significantly different between the wood and PyOM (repeated 
measures ANOVA, p<0.05), under increased and under ambient N.
Cumulative losses of PyOM-C were 0.0004±0.0003% of the initial input-C, while wood-C
losses were 0.022±0.007 % of the wood-C, and under increased N addition losses were
0.0002±0.0001% for PyOM, and 0.03±0.01% for wood (Figure 7; Table 3). Nitrogen did not 
affect the cumulative losses of DOC neither in the PyOM and nor in the wood treatment.
4. Discussion 
4.1 PyOM and wood mineralization 
In our study, we estimated that PyOM in the field has a turnover time of 191 years, while 
wood had a turnover time of 4 years. PyOM turnover time in our field study was higher than 
the turnover time for wood derived PyOM found in incubation studies (Hamer et al. 2004; 
Hilscher et al. 2009, Singh et al. 2012). Using the same substrate in an incubation experiment, 
Santos et al. (2012) found a decomposition rate of 0.39% after 180 days compared to 0.08% 
in our study after 180 days. The increased turnover time for PyOM decomposition than 
observed in the laboratory incubation studies indicate that higher and more constant 
temperature and soil moisture conditions are likely to increase the decomposition rate of 
PyOM compared to our field studies, whose mean annual soil temperature was 10 °C and 
moisture was 30 volume %.
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The PyOM mean residence time calculated here is closer to the values reported by Nguyen et 
al. (2008), who found a mean residence time of 264 years under tropical climate and from 
Hammes et al. (2008) who found a mean residence time of 347 years in a boreal steppe, 
indicating that irrespective of the climate, the quantification method and the length of the 
experiment PyOM has a mean residence time ranging in the centennials, when measured in 
field conditions. On the other hand in a two-years field experiment carried out in a plant-soil 
system in a tropical savanna, Major et al. (2010) found a turnover time of 89 years. However 
in their experiment the presence of rhizodeposition, due to the increase in biomass (observed 
in the first year) following PyOM addition, may have primed the PyOM decomposition. In 
fact easily decomposable compounds like glucose or rhizodeposition can increase the PyOM 
decomposition rate, since enzymes produced for their decomposition can contribute also to 
the decomposition of PyOM (Hamer et al. 2004; Kuzyakov et al. 2009). A similar effect was 
observed by Keith et al. (2011), who found an increase in PyOM decomposition as result of 
the addition of fresh organic matter to the soil.
The PyOM mineralization rate did not decrease significantly with time (Figure 4). Kuzyakov 
et al. (2009) found that the PyOM mineralization rate decreased over the first two to three 
months before levelling off. Likewise, in an incubation in quartz medium, the PyOM 
mineralization rate was twice as fast in the first month as in the second month (Hamer et al. 
2004). In our experiment PyOM decomposition rate tended to decrease (not significantly)
over the first three weeks, and increased in summer, suggesting that temperature might have 
influenced PyOM decomposition (Fang et al. 2011). However the setup of our study did not 
allow distinguishing between the effect of the season and of time.
The fraction of PyOM-derived C in the soil respiration did not vary along the time of 
decomposition (Figure 3 a). The fraction was higher for the first three sampling date, but was 
rapidly levelled off. This confirms findings from Smith et al. (2010) who observed that the 
PyOM fraction in soil respiration rapidly decreased over one week in an incubation 
experiment. Using the fraction derived from PyOM as an indicator for PyOM decay relative 
to native soil organic carbon, our study indicates that the stability of PyOM relative to native 
soil organic matter was constant over time, and was not affected by the higher temperature, 
not confirming the theory proposed by Hartley and Ineson (2008) on the higher temperature 
sensitivity of resistant organic matter. Cumulative wood decomposition after one year was
equal to 22% of the initially added wood-C. On the same site Kammer and Hagedorn, (2011)
found similar values for beech twigs, 22 – 26% mineralization over one year at the soil 
surface. Using the same substrate Santos et al. (2010) found wood decomposition of 22% in 
an andesitic soil and 30% in a granitic soil over 180 days, while in our study only 10% of the 
initially added wood-C was decomposed over the same period; these results confirm that 
similar to the PyOM, the decomposition of wood-C is slower in field conditions than in 
laboratory incubation experiments. The fraction of total soil respiration coming from wood 
decreased with time (Figure 3 b). This agrees with findings from Kammer et al. (2011).
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4.2 Priming effect: 
We did not observe a significant change in native soil organic matter mineralization due to 
the addition PyOM or wood despite large differences observed between the means (Figure 6). 
This is mainly due to the large variability in soil respiration measured in the field as well as 
the limited number of replicates used in our study. However, we observed a trend towards 
positive priming effect for both organic inputs under ambient N deposition, and no effect 
under increased N deposition.
Neither Abiven and Andreoli, (2010) who incubated PyOM and litter in the same soil, nor 
Santos et al. (2012) who incubated the same substrate in different soils observed a priming 
effect. In contrast, Wardle et al. (2008) reported increased losses of native C in a 10-years 
litterbag experiment mixing PyOM and humus and Major et al. (2010) found that PyOM 
addition increased native soil organic matter respiration. One important difference between 
these studies is the addition rate, Wardle et al. (2008) added PyOM in a 50:50 ratio to humus 
litter bags, while Major et al. (2010) had an addition rate 6 times higher than our study. Also 
Keith et al. (2011), in an incubation experiment, found a positive priming effect on native soil 
organic matter adding a higher quantity of char to soil, in fact they added 20 mg PyOM g-1
soil, a quantity ten times higher than ours, considering a soil depth of 15 cm.
The amount of new substrate added compared to the initial soil organic matter amount should 
explain partially the changes in microbial activity in the soil (Fontaine et al. 2003). So we 
propose that the addition rate of PyOM might play a role in the size of priming effect.
4.3 Dissolved organic carbon 
In our study, the losses of PyOM and wood as DOC were three orders of magnitude lower 
than their respective losses as CO2 after one year (0.0004% vs 0.5 % and 0.02% vs 22% of 
initially applied PyOM-C and wood-C, respectively; Figure 7). The losses of wood-C as DOC 
were 50 times higher than the DOC losses of PyOM. In a field study in a savanna Oxisol, 
Major et al. (2010) found that DOC losses were 0.003% of the initial PyOM-C at a depth of 
15 cm, i.e. ten times higher than observed in the present study. This discrepancy can be 
partially explained by the different operational definition of DOC used in the two studies. In 
fact while Major et al. (2010) considered as DOC particles with a size <0.7 μm, we 
considered as DOC particles with a size <0.45 μm. Major et al. (2010) found that PyOM 
increased the soil water fluxes, but we observed no such increase in our study, maybe because 
their PyOM application rate was 6 times higher than ours. Also the rainfall regime of 
Savanna, characterised by high and concentrated annual rainfall might have contributed to 
increase the level of PyOM lost by leaching, compared to temperate forest where rainfall are 
low and more distributed during the year. Finally, Major et al. (2010) studied the movement 
of PyOM in an Oxisol, that is characterised by high water infiltration rates (Major et al. 2010; 
Soil Survey Stuff 1999), while the soil in our field site was rich in clay that may have 
prevented water from quickly percolating through the soil profile. The DOC movements are 
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probably comparatively restricted in our soil, and so are the PyOM DOC. This would indicate 
that soil properties determine the leaching of PyOM – DOC. A similar conclusion was drawn 
by Leifeld et al. (2007) who observed consistent vertical movements of PyOM along the 
profile of three grassland soils (21-69% of PyOM-C moved below 30 cm over 50 years).
They suggested that such high vertical movement is due to the high hydraulic conductivity of 
the soil, which is characterised by a high porosity as it was formerly a peatland.
Our findings on limited losses of PyOM derived DOC confirmed previous studies showing 
that only a small portion of fresh PyOM was soluble in water (Abiven et al. 2011). However, 
the soluble fraction of PyOM may increase with the degree of surface oxidation and ageing of 
PyOM (Hockaday et al. 2006; Abiven et al. 2011). Alternatively, it is possible that part of the 
dissolved PyOM is absorbed into the first layers of the soil, characterised by high clay 
content, and released in the following years. Therefore due to the PyOM ageing and partial 
release of the PyOM adsorbed on clay minerals, it is reasonable to expect that larger 
proportion of PyOM will be released as DOC in the future. 
In a nearby experiment, Kammer et al. (2011) observed wood losses as DOC equivalent to 
1.5% of initially applied wood-C over one year, however in their experiment wood was 
applied on the soil surface and therefore directly exposed to the rainfall, while in our case 
wood was incorporated in the first cm of the soil. Moreover they observed that wood-derived 
DOC was strongly decreasing from the litter layer to 5 cm depth. Such a decrease of DOC 
fluxes along the profile indicates that the adsorption of DOC on mineral surfaces could be an 
important mechanism in preventing the wood-derived DOC from percolating down to 15 cm 
(Kaiser and Georg Guggenberger, 2000).
4.4 Effect of Nitrogen addition 
The addition of N had a significant effect on substrates decomposition only on one sampling 
date (Figure 4). However N decreased the cumulative PyOM decomposition by 47% after one 
year (Figure 5; Table 3) but had no effect on cumulative wood decomposition. Santos et al. 
(2012) incubated the same PyOM in different soils, and found no effect of N addition on 
PyOM decomposition. These different results could be explained by the difference in the 
setup (3 times lower N addition level and in a single addition at the beginning of the 
incubation). Soil properties may also play a role, Santos et al. (2012) suggest that the added N 
may have been adsorbed in the interlayers of the vermiculite present in their soil preventing it 
from being available to microbes. 
Carreiro et al. (2000) and Sinsabaugh, (2010) observed that N addition decreased 
phenol-oxidase and peroxidase activities. Such enzymes are involved in the cleavage of 
aromatic compounds, and thus could affect breakdown of PyOM. However this hypothesis 
was not confirmed by a decrease of wood decomposition that is also supposed to be affected 
by the activity of oxidative enzymes. 
Our results agree with the N mining theory (Craine et al. 2007). N addition might depress the 
decomposition of added substrate by fulfilling the N demand of microbes “mining” the 
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recalcitrant fraction of the substrate to obtain available N. Confirming this hypotheses a 
substantial mineralization of PyOM-N by microbes was observed by Santos et al. (2012) and 
Hilscher and Knicker, (2011).
Alternatively N addition might have induced a shift in microbial community, by lowering the 
fungal:bacterial ratio (Frey et al. 2004). However very little is known on the microorganisms 
responsible for PyOM decomposition Lehmann et al. (2011).
Wood decomposition was not affected by N deposition confirming findings of Hagedorn et 
al. (2003) who measured beech twigs decomposition in a neighbouring site. However they 
found that N addition altered the decomposition pattern of wood by depressing the wood 
decomposition from six to twelve months after N addition (i.e. in the same time frame of N 
addition in our experiment), confirming findings of Berg and Matzner, (1997). Such different 
result may be explained by the shorter duration of N addition in our experiment, six months 
instead of one year, supporting findings of Knorr et al. (2005) who observed that the effect of 
N addition was extremely low when lasting for less than six months.
5. Conclusions 
We added 13C-labelled PyOM or pine wood to a temperate forest soil with and without added 
inorganic N. In the first year we observed that: 
• PyOM C mineralized at a rate of 0.5 % of applied C per year.
• PyOM losses as dissolved organic carbon (DOC) were three orders of magnitude 
smaller than their losses as CO2.
• N addition depressed the decomposition of PyOM by 43% but did not alter wood 
decomposition neither the losses by leaching from wood or PyOM. 
• There was no significant increase in soil CO2 respiration of native SOC after PyOM or 
wood was added to soil.
Therefore, we conclude that this pine-derived PyOM-C has a centennial scale mean residence 
time, that N can decrease PyOM mineralization and that mineralization to CO2 is the main 
process leading to PyOM losses in the first after PyOM addition.
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Figure Captions 
Figure 1: Measured (full symbols) versus modelled (continuous line) soil respiration rate (in 
&
2 m-2 s-1), for PyOM under ambient N (a), PyOM under increased N (b), wood under 
ambient N (c) and wood under increased N (d). Error bars represent the standard error of the 
mean (n=3) of the measured soil respiration.
Figure 2: '



&
2 m-2 s-1) for control (a), PyOM (b) and wood (c). 
Error bars represent the standard error of the mean (n=3)
Figure 3: Fraction of soil respiration derived from PyOM (a) and from wood (b). The 
sampling dates within the same treatment with different letters (on the top) are significantly 
different (p<0.05 TukeyHSD test). The first line of letters refers to the ambient N treatment 
and the second to the increased N treatment. Error bars represent the standard error of the 
mean (n=3). Asteriscs (*) indicate when the fraction is significantly different from 0 (ambient 
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and increased N treatment were pooled together, n=6, p<0.05).
Figure 4: #(
 
 
 & CO2 m-2 s-1) of wood (a) and PyOM ( b). Empty 
symbols represent the treatment under ambient N and full symbols under increased N. 
Asteriscs (*) indicate the dates when the addition of N significantly affected substrate 
decomposition (paired t-test,p<0.05). Error bars represent the standard error of the mean 
(n=3).
Figure 5: Cumulative losses of PyOM-C (a) and wood-C (b) as CO2 in % of the initial C 
input derived from equation 4. The black line represents losses under ambient N deposition 
and the grey line losses under increased N. Continuous line represent the mean and the 
dashed line the standard error of the mean (n=3).
Figure 6: !

 
)"
!"#


$
)
 
&
2 m-2 s-1, derived 
from equation 2. Full symbols represent the treatment under ambient N and the empty 
symbols represent the treatment under increased N. Error bars represent the standard error of 
the mean (n=3).
Figure 7: Cumulated losses as DOC for PyOM (a) and Wood (b) expressed as % of initially  
added organic input-C. Empty symbols represent the ambient N treatment and full symbols 
represent the increased N treatment. Error bars represent the standard error of the mean (n=3).
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Table 1: Chemical and physical properties of the soil (0-15 cm depth) at the field site. The 
values presented are means of 3 replicates ± standard errrors.
Texture Bulk density pH CEC Elemental analysis
% g cm-3 mmol kg-1 g kg-1 soil
Sand Silt Clay 0-5 cm 5-10 cm 10-15 cm C H N
45.5±
3.5
24.2±
4.4
31.5±
2.4
1.20±
0.14
1.21±
0.32
1.60±
0.32
5.9 ±
0.5
74.3±
14.9
33.7±
4.8
8.9±
0.7
2.4±
0.2
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Table 2: Characteristics of PyOM and pine wood added to the soil. 
C N H C/N 13C Application 
rate
(g kg-1) (g kg-1) (g kg-1) (mass ratio) (atom%) (g C m-2)
PyOM 799 7.1 34.3 110 2.03 397
Wood 499 4.3 66.2 115 2.05 189
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Table 3: Average total C losses over the study period ± standard error (n=3). The losses as 
DOC and DOC from the added inputs correspond to the cumulated losses over a year. The 
losses as CO2 and DOC from the added input are calculated using Equation 3. Letters indicate 
where treatments are significantly different (pair wise paired t-test, p<0.05).
Total DOC Cumulated losses from 
the added input as DOC
Total losses as 
CO2
Cumulated losses over one year 
from the added input as CO2
(g C m-2) (% initial input-C) (g C-CO2 m-2) (% initial input)
Ambient N
Control 2.1±0.7a 503 ± 100 a
PyOM 1.8±0.3a 0.0004±0.0003 a 653 ± 21 a 0.5 ± 0.1 a
Wood 1.7±0.3a 0.022±0.007 b 726 ± 189 a 22 ± 3 b
Increased N
Control 1.5±0.2a 638 ± 33 a
PyOM 1.6±0.6a 0.0002±0.0001 a 650 ± 119 a 0.3 ±0.1 c
Wood 2.4±2.2a 0.03±0.01 b 715 ± 125 a 22 ± 3 b
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a b s t r a c t
Pyrogenic organic matter (PyOM) is considered as a technique to improve soil fertility and store carbon
(C) in soil. However, little is known regarding soil organic C and nitrogen (N) mineralization in PyOM-
amended soils. To investigate the relationship between the C and N mineralization rates and the
possible consequences in terms of C storage and N availability, we incubated ryegrass-derived PyOM
(pyrolyzed at 450 C) enriched in 13C (4.33 atom %) in a forest Cambisol for 158 days with and without
mineral N addition. We determined PyOM and native soil organic C mineralization, NH4þ and NO3
contents in the soil, gross N mineralization, phenol-oxidase and protease activities, and microbial
biomass throughout the incubation experiment and the incorporation of PyOM in microbial biomass at
the end of the experiment (158 days). We determined that 4.3% of the initial PyOM-C was mineralized
after 158 days. Moreover, PyOM induced a strongly positive priming effect within the ﬁrst 18 days; a
negative priming effect was observed from Days 18 to 158. The initial increase in organic matter
mineralization corresponded to a higher gross N mineralization and NH4þ content in the PyOM-treated
soil than in the untreated soil. Ammonium was rapidly transformed into nitrate and stored in this
form until the end of the experiment. We conclude that the presence of PyOM affected the minerali-
zation pattern of native soil organic matter mineralization and increased mineral N content, while N
addition did not inﬂuence PyOM or soil organic matter mineralization.
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Pyrogenic organic matter (PyOM), the product of incomplete
combustion of biomass (Goldberg, 1985), plays an important role in
the terrestrial C cycle because it can constitute up to 45% of soil
organic carbon (Schmidt et al., 1999). PyOM has a turnover time of
several centuries (Singh et al., 2012), a magnitude longer than any
other class of soil organic compounds (Schmidt et al., 2011). Despite
several recent developments in the assessment of PyOM stability
(Bruun et al., 2008; Major et al., 2010; Santos et al., 2012), many
uncertainties remain regarding its fate in the soil. In particular, little
is known concerning the interaction between PyOM and the
mineralization of native soil organic matter. Understanding this
interaction is crucial for assessing the effect of PyOM on the soil C
cycle because it may signiﬁcantly modify the long-term C balance
(Woolf and Lehmann, 2012). We here deﬁne the priming effect to be
the change in the native organic matter mineralization rate due to
the addition of an organic substrate (Bingeman et al., 1953). Spe-
ciﬁcally, we used the term positive priming effect when minerali-
zation of the native organic matter is increased and negative
priming effect when mineralization is decreased. PyOM has been
observed in previous studies either to induce a positive priming
effect (Wardle et al., 2008; Major et al., 2010; Novak et al., 2010;
Keith et al., 2011; Luo et al., 2011; Zimmerman et al., 2011), a
negative priming effect (Liang et al., 2010; Cross and Sohi, 2011;
Jones et al., 2011), or no priming effect (Kuzyakov et al., 2009;
Abiven and Andreoli, 2010; Cross and Sohi, 2011; Santos et al.,
2012).
Changes in N mineralization were often found to follow C ﬂuxes
(Booth et al., 2005; Herrmann and Witter, 2008) because they are
bound in the same organic compound. In fact, as for soil organic C
mineralization, PyOMwas found to exert a broad range of effects on
the N cycle. This variability results from the differences in PyOM
feedstock, pyrolysis temperature, and soil characteristics. Nelissen
et al. (2012) found that a C-rich maize-derived PyOM increased* Corresponding author. Tel.: þ41 (0)44 635 51 83.
E-mail addresses: samuel.abiven@geo.uzh.ch, abiven@geo.unizh.ch (S. Abiven).
Contents lists available at ScienceDirect
Soil Biology & Biochemistry
journal homepage: www.elsevier .com/locate/soi lb io
0038-0717/$ e see front matter  2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.soilbio.2013.11.013
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gross short-term N mineralization in loamy soil. They suggested
that microbes were “mining” soil organic matter to acquire N
(Craine et al., 2007). DeLuca et al. (2002, 2006) observed that PyOM
produced during wildﬁres increased nitriﬁcation in boreal and
temperate forests and explained this as the result of sorption of
phenols, which are known for being nitriﬁcation inhibitors, on
PyOM surfaces (DeLuca and Sala, 2006; Ball et al., 2010). Moreover,
Wang et al. (2012) observed an increase in nitrate content in a
fertilized plot one year after the addition of rice husk-derived
PyOM. Across three different soil types, Kolb et al. (2009) found
that increasing the rate of PyOM addition, derived from a mix of
manure and wood, reduced the amount of available N because of
increasing microbial N demand. A similar conclusion was drawn
using pecan-shell derived PyOMbyNovak et al. (2010), while Bruun
et al. (2012) found a relation between pyrolysis duration and the
C:N ratio of the resulting PyOM, which was in turn affecting the
quantity of N immobilized in the soil amended with PyOM. In
contrast, no PyOM effect on the N cycle was observed by Zavalloni
et al. (2011) and Zhang et al. (2011) using wood-derived PyOM and
wheat straw-derived PyOM, respectively.
While many studies investigated the PyOM effects on mineral N,
very little is known about the effect of mineral N on PyOM
decomposition. Santos et al. (2012) found no effect of N addition on
PyOM mineralization. However, Maestrini et al. (personal
communication) found a decrease in PyOM mineralization. We
hypothesized that N addition may decrease the PyOM decompo-
sition because increased N deposition depresses the activity of
phenol-oxidase (Sinsabaugh et al., 2002; Grandy et al., 2008),
which is responsible for the decomposition of aromatic com-
pounds. Moreover, we hypothesized that increased N availability
will decrease microbial decomposition of the more recalcitrant
fraction of PyOM, which is generally thought to be more rich in N,
as proposed by the nitrogen mining theory (Craine et al., 2007).
Similarly, Brodowski et al. (2005) suggested that microbes may
decompose PyOM to have access to the N adsorbed on their sur-
faces. Changes in N ﬂuxes due to increased microbial decomposi-
tion may be related to microbial biomass dynamics and thus can
give an indication of both PyOM-C and mineral N stored by soil
microﬂora (Nannipieri and Eldor, 2009).
To our knowledge, this study was the ﬁrst to couple C ﬂuxes and
gross N mineralization in a PyOM-amended soil. The present paper
is aimed to investigate if PyOM affects organic matter mineraliza-
tion and if changes in C ﬂuxes due to priming are reﬂected in N
mineralization. We also hypothesize that N addition may reduce
PyOM decomposition. To investigate the mechanisms responsible
for the alteration of C and N ﬂuxes, we used a holistic approach: we
divided the system into pools (native soil organic matter, PyOM,
microbial biomass, and mineral N) and related the C and N ﬂuxes to
the changes in the size of the pools and to the activity of enzymes
targeting aromatic molecules, such as PyOM (phenol-oxidase) and
N-rich compounds (protease). We believe that the holistic
approach is the most efﬁcient and well-adapted method for
studying soil functionality compared to approaches based on the
inference of C and N dynamics from microbial taxonomy and
functional characterization (Nannipieri et al., 2003).
We incubated 13C-labeled PyOM (4.33 atom %) for 158 days in a
mineral forest soil with and without mineral N addition. We
measured SOC mineralization, gross N mineralization, NH4þ and
NO3 content, incorporation of PyOM derived C into microbial
biomass and potential enzymatic activity of phenol-oxidase and
protease over the course of the period.
Our research questions were as follows: (i) does ryegrass-
derived PyOM increase native soil organic matter mineralization,
gross N mineralization and net nitriﬁcation in a Cambisol? (ii) if so,
can these changes be explained by the phenol oxidase and protease
activity andmicrobial biomass-C and N?; (iii) does N addition affect
mineralization of ryegrass-derived PyOM?.
2. Materials and methods
2.1. PyOM characteristics
Two different sets of ryegrass (Lolium perenne L.) were grown
under controlled conditions in labeling growth-chambers. One set
was grown under an atmosphere enriched in 13CeCO2 (6 atom %);
the other was grown under an ambient atmosphere. Edaphic, light,
and air temperature conditions were identical for the two setups.
Ryegrass was harvested after 1 month in both cases.
Labeled and not labeled grasses were pyrolyzed in a quartz
tube oven (Montanaro manufacturer, Glattbrugg, CH) at 450 C
under a N2 stream of 1 L min1 (equivalent to 0.45 times the
volume of the oven per minute) for 4 h as described in Hammes
et al. (2006). The recovery of PyOM after pyrolysis was approxi-
mately 33% (weight %) of the initial material. Characteristics of the
13C-labeled PyOM are summarized in Table 1. The set of ryegrass
grown under enriched 13CeCO2 conditions had slightly higher C
and N contents (30 vs. 34% C and 3.2 vs. 3.6% N, p < 0.05, t-test,
n ¼ 4), compared to the one grown under unlabeled conditions.
However, the C:N ratios of the two sets did not signiﬁcantly differ.
The PyOM had a low C content (34%) and a high O (28.0%) and ash
contents (53% residual after ignition at 550 C for 2 h). The H:C
atomic ratio was 0.67  0.02, which is similar to values reported
by Hammes et al. (2006) and Keiluweit et al. (2010) for grass-
derived PyOM. This indicates that the PyOM had a relatively low
C content due to a high content in microelements (resulting in
high ash content). However, the aromaticity level, indicated by the
H:C ratio, did not differ from other grass-derived PyOM. The low C
content of our PyOM agrees with ﬁndings from Knicker (2010),
who also observed a C content of 30% for ryegrass-derived PyOM
due to the low thermal stability of cellulose, a major component of
grass, as also observed by Chatterjee et al. (2012). Our PyOM was
characterized by a narrow C:N ratio, smaller than 10, and a very
high ash content (Table 1), values similar to C:N ratio and ash
content of PyOM derived from ryegrass obtained in another study
(Knicker, 2010) this indicates that characteristics of ryegrass-
derived PyOM may be similar. In contrast Keiluweit et al. (2010),
using a different grass species, found a higher value. The main
explanation for the low value is the higher level of N incorporation
in the pyrolysis products compared to C. In the study from Knicker
(2010), N was observed to occur mostly in heterocyclic forms, like
pyrroles. High ash content may also result from low thermal sta-
bility of cellulose.
The 13C-labeled PyOM had a 13C value of 4.33 atom % (Table 1);
we have assumed that 13C was uniformly distributed within the
plant because it was grown in an atmosphere enriched in 13CeCO2
from the ﬁrst emergence of a leaf.
2.2. Incubation setup
We sampled the top 10 cm of a Cambisol in a clearance of a
temperate forest on Laegeren Mountain (NW of Zurich, Swiss
Plateau, 800 m asl., Ruehr et al., 2009). The characteristics of the
soil are summarized in Table 1. The soil was sieved fresh through
a 2-mm mesh. The equivalent of 80 g dry soil was weighed into
crystallizing dishes (Duran, Germany) 70 mm in diameter and
placed inside a sealed 1.8-L jar (Korken, IKEA). In the vessels the
soil had a bulk density of 0.7 g cm3, and no effect of PyOM was
observed on bulk density. The soil was pre-incubated at 27 C for
23 days prior to the beginning of the incubation. The tempera-
ture and soil moisture were kept constant throughout the entire
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incubation period at 27 C and 70% of the water holding capacity,
respectively. The soil moisture content was periodically adjusted
(ﬂuctuations in the soil moisture content were therefore gener-
ally lower than 1% weight). A bottle containing 20 mL of water
was placed inside the jar to maintain the humidity saturation of
the air. The incubation consisted of a 2  2 factorial experiment
with the following treatments: soil control, soil þ PyOM,
soil þ mineral N, soil þ PyOM þ mineral N. Nitrogen treatment
corresponds to an addition of 25 mg NeNH4NO3 g1 dry soil at
the beginning of the incubation. This quantity is equivalent
(considering the top 15 cm of the soil) to 53 kg N ha1, which is
in the range applied yearly in two well-known ﬁeld experiments
on N deposition (Aber et al., 1998; Egli et al., 1998). N was added
from an aqueous solution containing approximately 181 mg Ne
NH4NO3 l1. We added an equivalent amount of water to the
control soils.
At the beginning of the incubation we added the equivalent of
13 mg PyOM g1 dry soil to PyOM-treated vessels and all samples
weremixed thoroughly. This quantity was equivalent to an addition
rate of 27 t ha1, considering an application to the ﬁrst 15 cm of the
soil and a bulk density of 1.4 g cm3. Unlabeled PyOMwas added to
vessels to be extracted after 4, 18, 46 and 88 days whereas 13C-
labeled PyOM was added to the vessels to be extracted on the last
sampling date, i.e., after 158 days. OnDays 4,18, 46, 88, and 158 after
incubation started, soils were sampled for analysis of mineral N
content (NH4þ andNO3), grossNmineralization (see Section 2.4) and
microbial biomass (see Section 2.5). Phenol-oxidase and protease
activities and soil pH were measured on Days 4, 46, and 158 (see
Section 2.5).
2.3. CO2 efﬂux and partitioning
CO2 efﬂux and 13CeCO2 were monitored throughout the incu-
bation experiment. CO2 efﬂux from the soil was trapped in bottles
containing 20 mL of 1 M NaOH and subsequently placed in the jars.
The amount of CO2 trapped as sodium carbonate (Na2CO3) was
estimated by measuring the decrease in conductivity using the
linear model described by Wollum and Gomez (1987) and recently
applied by Abiven and Andreoli (2010). A set of blanks (n ¼ 4) was
also measured to account for the CO2 initially present in the
container; both the quantity of CO2 emitted and the isotopic signal
were accordingly corrected. The jars were opened only at the re-
ported sampling dates. After measuring the conductivity, the NaOH
vials were removed and substituted with new ones so that on each
date we could measure the cumulative CO2 emitted from the
sample.
Brieﬂy, the 13CeCO2 was measured by precipitating trapped CO2
with BaCl2 as described in Gaillard et al. (2003). An aliquot of 5 mL
of NaOH solution was added to 10 mL 1 M BaCl2, and subsequently
ﬁltered (<0.45 mm cellulose acetate ﬁlter paper, GVS, Bologna, Italy).
The precipitates remaining on the ﬁlter were then dried, crushed
with a spatula, and an aliquot of approximately 5 mg was used for
the 13C analysis using an isotope mass ratio spectrometer (Delta S,
Thermo Finnigan, USA). To partition the origin of the trapped CO2
between the native soil organic matter and PyOM, we used a two-
source isotope mixing model equation:
f ¼ 1 13Cmix  13CPyOM
13Ccontrol  13CPyOM

; (1)
where f is the fraction of CO2 derived from PyOM, 13Cmix is the 13C
content of the trapped CO2, 13CPyOM represents the 13C content of
PyOM, i.e., 4.33%, and 13Ccontrol is the isotopic signature of soil CO2 in
the corresponding control treatment.
The priming effect induced by PyOM on native soil organic C
mineralization was calculated using:Ta
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PE ¼ SRPyOM*ð1 f Þ  SRcontrol

SRcontrol*100; (2)
where SRPyOM and SRcontrol are soil respiration in PyOM and the
control soil, respectively, and f is the fraction of soil respiration
derived from PyOM mineralization using Equation (1). In Equation
(2), PE is expressed as the percentage of soil respiration in the
control treatment. To calculate mean residence time based on the
cumulative PyOMmineralization data, we used a two-pool parallel
exponential decay model (Manzoni and Porporato, 2009;
Minderman, 1968) as follows:
Ct ¼ C0*fr*expðk1*tÞ þ C0*ð1 frÞ*expðk2*tÞ; (3)
where Ct is PyOM at time t and C0 is the initial quantity of PyOM
added. The ﬁtted parameters were fr, k1 and k2, which represent the
fast pool fraction (dimensionless), and the PyOM mineralization
rate, expressed as % of PyOM-C lost per day, of the fast (k1) and slow
(k2) pools, respectively; t is the time in years. Parameters where
reﬁned by successive iterations to minimize the residual sum-of-
squares. From the mineralization rates (k1 and k2) we derived the
mean residence time (MRT) of the corresponding pool as:
MRT ¼ 1=k1;2; (4)
where k1 corresponds to the MRT of the fast turning pool and k2
refers to the slow turning pool.
2.4. Mineral N content and gross N mineralization
Total mineral N was extracted using a 1 M KCl solution (1 h of
shaking, 180 rpm, 1:4 soil:solution ratio). Nitrate and ammonium
concentrations were determined using spectrophotometry (Sanþþ,
Skalar, Netherlands). To measure gross N mineralization, we used
the 15N pool isotope dilution technique (Murphy et al., 2003). 40 g
of dry soils were amended with 2 mL of a 100 mg Ne(NH4)2SO4 l1
solution labeled with 15N (2.7 atom %), giving a 5 mg Ne
(NH4)2SO4 g1 dry soil. The solution was added drop-wise onto the
soil surface after which the soil samples were thoroughly mixed to
homogenize added N distribution. After 4, 24, and 72 h, an aliquot
of 10 g of fresh soil was extracted (using 1 M KCl) and measured for
total NH4þ content and 15NeNH4þ using the diffusion technique
described by Herrmann et al. (2007). Brieﬂy, 15 mL of KCl soil
extract was ﬁlled into a 20 mL scintillation vial and approximately
200 mg MgO was added to generate NH3 for the determination of
the atom % 15N of the NH4þ pool. The evolved NH3 was trapped onto
an acidiﬁed paper disk which was placed between a double layer of
polytetraﬂuoroethylene (PTFE) tape and stretched over the top of
the scintillation vials which were then capped. All samples were
gently shaken for 72 h to transform NH4þ into NH3. To prevent the
introduction of sulfur in the isotopic ratio mass spectrometer the
method was modiﬁed according to Schleppi et al. (2006), i.e., using
citric acid instead of sulfuric acid. The isotopic signature of the 15Ne
NH4þ trapped on the acid ﬁlters was thenmeasured using an isotope
ratio mass spectrometer (Delta S, Thermo Finnigan, USA). To
calculate gross N mineralization ﬂuxes, we used the formula from
Khirkham and Bartholomew (1949), as reported in Smith et al.
(1992):
gross mineralization ¼f½ðAT1  AT2Þ=Dt*½logðAL1*AT2Þ
=logðAL2*AT1Þg=logðAT1=AT2Þ (5)
where AT is the total amount of NH4þ (mg N g1 dry soil), AL is the
amount of recovered 15NeNH4þ (mg N g1 dry soil), and Dt is the
time between subsequent extractions (hours). In our study two
times intervals were considered: (i) 20 h, i.e. KCl extraction 4 and
24 h after 15N addition, and (ii) 48 h, i.e. KCl extraction 24 and the
72 h after 15N addition. The subscripts indicate the extraction time.
Estimated gross Nmineralization rates were similar in the two time
intervals, i.e., 2e24 and 24e72 h (paired t-test, p> 0.05). Therefore,
the assumption of zero-order kinetics of gross Nmineralizationwas
met in the present experiment and we calculated an average value
of gross N mineralization across the two time intervals.
2.5. Enzyme activities, pH and microbial biomass
Protease activity was measured using casein as substrate as
described by Alef and Nannipieri (1995); phenol-oxidase was
measured using a di-phenol (3,4-diidrossi-l-fenilalanina, also
named L-DOPA) substrate as described by Carreiro et al. (2000).
Although other substrates have been proposed to assess phenol-
oxidase, e.g., guaiacol, a mono-phenol (Nannipieri et al., 1991), and
others (Baldrian, 2006), we used L-DOPA because it is the most
adopted substrate in environmental studies and has a very high
sensitivity (Sinsabaugh, 2010). Both reactionswere performed at pH
8.2. Soil pH was measured in a 1:5 soil:water (fresh weight:weight)
mixture after shaking and subsequent sedimentation for 12 h.
Microbial C and N were measured by the fumigationeextraction
method (Vance et al., 1987) in which 10 g of fresh soil were fumi-
gated with alcohol free chloroform in a desiccator for 24 h. The
samples (both fumigated and non-fumigated) were then extracted
using a 1M KCl solution. The total organic C (TOC) and total N in the
fumigated extracts were analyzed using a TOC-TN analyzer (TOC-V,
Shimadzu Corporation, Japan). Microbial C and N concentrations
were determined by subtracting C and N in the non-fumigated
treatment from C and N in the fumigated treatment and multi-
plying by a factor of 2.64 (Vance et al., 1987).
We also determined the fraction of the microbial biomass
derived from labeled PyOM on the last sampling date (158 days). An
aliquot of 10 mL from the fumigated and non-fumigated extracts
was freeze-dried and the resulting material was measured for 13C
content with an isotope mass ratio spectrometer (Delta S, Thermo-
Finnigan, USA). The 13C signature of the microbial biomass was then
estimated using Equation (5) (Dawson et al., 2002):
13Cmb ¼

13Cfum*Cfum



13Cnonfum*Cnonfum

.
Cfum  Cnonfum

;
(6)
where Cfum and Cnon-fum are the amounts of C extracted from the
fumigated and non-fumigated samples (mg C g1 dry soil) and
13Cfum and 13Cnon-fum were the 13C contents of the fumigated and
non-fumigated extracts (atom %). To quantify the portion of mi-
crobial C derived from the added PyOM, we used Equation (1),
substituting 13Cmix with 13Cmb and 13C with the 13Cmb in the control
treatment. Liang et al. (2010) pointed out that the use of chloroform
fumigation extraction in soils rich in PyOM, might underestimate
microbial biomass due to the readsorption of lysed cells on PyOM
walls. Nevertheless, we believe that even if such underestimation
may be pronounced, it is of minor importance in our experiment, as
the ratio between the PyOM-C and soil organic carbon ratio was 7
times lower than reported in Liang et al. (2010). Therefore, we
expect that the underestimation of the microbial biomass due to
PyOM sorption of lysed cells will have a minor effect.
2.6. Statistical analyses
The effects of PyOM and N additionwere tested using a two-way
analysis of variance (ANOVA) for all variables, except for CO2 ef-
ﬂuxes, where repeated measures two-way ANOVA was adopted.
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Two-way ANOVA were also performed separately for each sam-
pling date. When data were not normally distributed according to
the Shapiro normality test (p > 0.05), the data were log trans-
formed. The KruskaleWallis test was adopted instead of ANOVA, if
also log-transformed data were not normally distributed. When
time was a signiﬁcant factor, we performed a Tukey-post-hoc test
to determine which sampling dates were signiﬁcantly different. All
computations were performed using the statistical software R. The
“agricolae” package was used to perform the Tukey test; the
“ezANOVA” package was used for the repeated measures ANOVA.
3. Results
3.1. Soil respiration, native and pyrogenic organic matter (PyOM)
mineralization
Soil respiration was signiﬁcantly inﬂuenced by time (p < 0.05),
the presence of PyOM (p < 0.05) and the interactions between
PyOM and time (p < 0.05). Particularly, the presence of PyOM
increased the total soil respiration within the ﬁrst 18 days and
decreased it afterwards (Fig. 1a). Neither PyOM nor N addition
altered the total net cumulative soil respiration over 158 days of
incubation (Table 2). After 158 days, PyOM-C losses as CO2 were
4.3  0.1 and 4.4  0.1% of the added PyOM-C, with and without N
addition, respectively. Most of the PyOM mineralization occurred
within the ﬁrst 4 days (approximately 2.9% of the initial PyOM-C).
The PyOM mineralization was not inﬂuenced by N addition at any
sampling date during the incubation; the cumulative mineraliza-
tion at the end of the experiment was also not affected (Table 2).
We ﬁtted a two-pool exponential decay model to our PyOM
mineralization data (Equation (3)) and found no signiﬁcant differ-
ences in the mean residence times (Table 3) between N addition
treatments. The fast pool represented 3.3% of the initial PyOM-C
and had an MRT of 2 days; the slow pool had an MRT of 40 years
(Table 3). Over the 158-day period, the presence of PyOM inhibited
cumulative native organic mattermineralization (p< 0.05, Table 2),
i.e., it induced a negative priming effect equivalent to 10.09  3.08
or 13.53 3.11% of the soil respiration in the control treatment with
or without N treatment, respectively. However, the priming effect
direction changed over time. Within the ﬁrst 18 days, PyOM
induced a positive priming effect; a negative effect occurred from
Day 18 to Day 158 (Kruskal-test or ANOVA test on individual dates,
p < 0.05, Fig. 1c). The N addition did affect the priming effect.
3.2. Microbial biomass
Over the entire incubation period, the PyOM addition increased
the microbial biomass C (p < 0.05, Fig. 1d) in comparison with
control treatments. Within treatments, the microbial biomass C
decreased over time (Tukey post-hoc test between dates, p < 0.05),
while the N addition did not alter the microbial biomass C. The
increase in soil microbial biomass C due to PyOM additionwas only
signiﬁcantly different on Days 4, 18, and 88 (p < 0.05). We did not
ﬁnd an effect of PyOM or N addition onmicrobial biomass N and the
0 50 100 150
0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
Time (days)
Cu
m
u
la
te
d 
to
ta
l s
oi
l r
es
pi
ra
tio
n
(m
g C
−C
O 2
 
g−
1  
so
il)
(a)
Control−N
+PyOM −N
Control +N
+PyOM +N
0 50 100 150
95
96
97
98
99
10
0
Time (days)
Py
o
M
 re
m
ai
ni
ng
 (%
 of
 C
 in
pu
t) (b)
0 50 100 150
0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
Time (days)
Cu
m
u
la
te
d 
m
in
er
a
liz
at
io
n 
of
 n
at
ive
 S
O
M
(m
g C
−C
O
2 
g−
1  
so
il)
(c)
0 50 100 150
70
0
90
0
11
00
Time (days)
M
ic
ro
bi
al
 b
io
m
as
s 
C 
(µ 
g 
C 
g−
1  
so
il) (d)
Fig. 1. Cumulative total soil respiration (a), PyOM remaining in the soil as measured and modeled according to Equation (3) (b), cumulative mineralization of native soil organic
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microbial C:N ratio (Table 1, Supplementary material). The fraction
of PyOM-derived C recovered in the microbial biomass after 158
days was 0.45  0.03 and 0.47  0.02% (t-test, p < 0.05, Table 2)
with and without N addition, respectively, corresponding to
0.07 0.01 and 0.08 0.01% of the initially added PyOM-C, with no
signiﬁcant difference between the N addition treatments.
3.3. Nitrogen cycling
Mineral N content in the soil increased signiﬁcantly after PyOM
addition (p < 0.05), mineral N addition (p < 0.05) and over time
(p < 0.05, Fig. 2a). PyOM increased the NH4þ content after 4 days
(Kruskal-test, p < 0.05, Fig. 2b), while we found almost no NH4þ on
Day 18 in both treatments. After 18 days, the NH4þ content increased
again. However, we could not observe a clear trend in NH4þ content
for all treatments. For individual dates, PyOM addition affected
signiﬁcantly the gross N mineralization on Days 4 (p < 0.05) and
158 (Kruskal test, p < 0.05). However, on sampling Days 18 and 46,
the NH4þ contents in the extracts after 72, and sometimes even 24 h
after 15N addition, were extremely low. More speciﬁcally, NH4þ was
not detectable in some PyOM-amended soils. Therefore, measure-
ments from those dates are unreliable. This decrease of NH4þ from
the mineral N pool in soil amended with PyOM may be directly
related to PyOM sorption capacities (Jones et al., 2012). Overall net
nitriﬁcation rates (Fig. 2d) were not affected by PyOM addition.
However, it was affected by N addition (p < 0.05) and time
(p < 0.05). For individual dates, N addition increased nitriﬁcation
fromDay 0 to Day 4 (p< 0.05), very likely a result of the nitriﬁcation
of NH4þ added as NH4NO3 at the beginning of the experiment. In
comparison, PyOM increased the net nitriﬁcation from Day 4 to 18
(p< 0.05). No differences in nitriﬁcationwere observed after Day 18
due to the addition of PyOM or N.
3.4. Enzyme activities and soil pH
PyOM addition decreased the activity of phenol-oxidase
(p < 0.05, Fig. 3) compared to the control treatment; we did not
observe an N addition effect. In contrast no PyOM addition, N
addition or time effects were observed on protease activity. PyOM
addition signiﬁcantly increased pH (KruskaleWallis test, p < 0.05,
Fig. 1 Supplementary material) for the entire duration of the
experiment. Soil pH decreased for all sampling dates for the PyOM
treatment and only between the ﬁrst and second sampling dates for
the control treatment (pairwise Wilcox-test, p < 0.05). Moreover,
for the ﬁrst sampling date, the control with N had a lower pH than
the control without N (Wilcox-test, p < 0.05). This could be
attributed to the initial nitriﬁcation of the added NH4þ.
4. Discussion
4.1. PyOM mineralization, soil respiration and phenol oxidase
activity
After ﬁve months of incubation, 4.3% of PyOM-C was mineral-
ized (Table 2). Our results are comparable to previous ﬁndings on
ryegrass-derived PyOM decomposition from Hilscher et al. (2009).
They found a decomposition ranging between 2.5 and 3.2% of the
initial PyOM-C after 52 days, depending on the duration of the
pyrolysis process, with longer durations delivering more resistant
PyOM. Using our model (Fig. 1b) we found that 3.7% of PyOM-C was
decomposed after 52 days. We believe that the difference between
the two studies is due to the different edaphic conditions. Specif-
ically, they incubated PyOM in a B horizon poorer in organic C
(3.4 mg C g1 soil), and most likely also less microbial biomass
compared to our study. Also the PyOM characteristics may have
played a role. In fact their PyOM was produced at a lower tem-
perature and was characterized by a higher C:N ratio. Hamer et al.
(2004) incubated ryegrass-derived PyOM and microbial inocula in
quartz sand and found that only 0.8% of PyOM-C was decomposed
after 60 days. This conﬁrmed that soil characteristics, e.g., microbial
structure, and aggregation play a crucial role in determining PyOM
stability. We ﬁtted a two-pool decomposition model to our PyOM
mineralization data (Fig. 1b) and observed that PyOM had a fast
pool with a turnover time of 2 days, equivalent to 3.3% of PyOM-C,
and a slower pool, with a turnover time of 40 years (Table 3). These
values are in agreement with previously reported PyOM turnover
times determined from a meta-analysis for grass-derived PyOM in
incubation studies by Singh et al. (2012). Several authors observed
that pyrolysis may increase carbonate content of the pyrolysis
product (Lehmann and Joseph, 2009). Therefore it is likely that part
of the initial high PyOM-C losses derives from PyOM-inorganic C,
i.e., carbonates (Jones et al., 2011; Bruun et al., 2013). The release of
CO2 from carbonates is also reﬂected in the pH decrease over time
(Fig. 1, Supplementary materials), decreasing as PyOM-carbonates
were consumed. Using the two-pool model, we predict that the
quantity of PyOM remaining in the soil after 100 years (which is the
minimum permanence requested by many C reduction schemes)
will be 8% of the initial PyOM-C. Such a relatively fast decomposi-
tion rate would represent a challenge for the use of PyOM as a tool
to store C in the soil. Nevertheless, caution is necessary when using
exponential decomposition models to predict the long-term sta-
bility of PyOM. In fact, models calibrated on short-term experi-
ments capture only the initial fast decomposition rate of PyOM and
Table 2
Total soil respiration, cumulative native organic matter mineralization, potential protease activity (substrate caseine), and cumulative PyOMmineralization. Values are average
of four replicates  standard error of the mean.
Cumulated soil
respiration
(after 158 days)
Cumulated native
organic matter decomposition
(after 158 days)
Cumulative PyOM
decomposition
(after 158 days)
Mean protease
activity
Fraction of microbial
biomass C derived from
PyOM (after 1 days)
(mg CeCO2 g1 soil) (mg CeCO2 g1 soil) (% of initial input) (mg tyrosine g1 soil h1) %
Control -N 2.37  0.08 2.37  0.08 1.73  0.12
PyOM input -N 2.34  0.05 2.15  0.05 4.4  0.18 1.76  0.08 0.47  0.02
Control þ N 2.48  0.10 2.48  0.10 1.70  0.07
PyOM input þ N 2.33  0.07 2.14  0.06 4.3  0.1 1.92  0.12 0.45  0.03
Table 3
Mean residence time (MRT) calculated with the two-pool exponential decay model
ﬁtted to the mineralization dynamics corresponding to the treatments without and
with N addition. Values are average of four replicates  standard error.
MRT labile MRT resistant Fast pool fraction
(days) (years) (% of initial PyOM-C)
Without N 1.92  0.03 40.35  0.31 3.4  0.1
With N 1.92  0.02 39.79  0.33 3.3  0.1
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therefore theymay overestimate PyOMdecomposition (Singh et al.,
2012).
N addition did not affect PyOM-C losses over time, conﬁrming
previous ﬁndings by Santos et al. (2012). Because our soil was not
N-limited and the net Nmineralizationwas positive throughout the
incubation period, it was unlikely that N addition would play an
important role. Surprisingly, the activity of phenol-oxidase was
inhibited by PyOM addition but not by N addition, which is not in
agreement with previous observations that N addition may inhibit
phenol-oxidase (Sinsabaugh, 2010). DeLuca et al. (2002) observed
that PyOM has the capacity to absorb phenols. This may lead to a
decrease in the concentration of the assay, resulting in a lower
availability of the assay for the targeted enzymes and therefore in a
decrease of enzymatic activity. A decrease in phenol oxidation due
to sorption on mineral surfaces was also observed by Scott et al.
(1983). It is important to consider that the assay method used in
the present study (L-DOPA, an o-diphenol), althoughwidely used, is
only one of the plethora of assays that have been employed to
measure phenol-oxidase activity. It is most likely that it does not
cover the entire range of enzymes involved in the oxidation of
phenols or related molecules, e.g., the aromatic structures forming
PyOM.
4.2. Microbial biomass
Microbial biomass and soil respiration decreased over time
(Fig. 1d), as it has been shown in many models using microbial
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biomass to predict soil respiration (Fang et al., 2005; Fontaine and
Barot, 2005). PyOM signiﬁcantly increased the microbial biomass
amount on Days 4, 18 and 88, conﬁrming previous observations by
Steiner et al. (2008) and Kolb et al. (2009). The increase may be
explained by the easily decomposable fraction initially present in
the PyOM (Lehmann et al., 2011) and by the PyOM capacity to host a
microbial community (Pietikäinen et al., 2000). Moreover, the in-
crease in soil pH following PyOM addition to the soil may have
contributed to increased microbial biomass (Badalucco et al., 1992).
The fraction of PyOM incorporated intomicrobial biomass after 158
days was very low, 0.4% of added PyOM-C, conﬁrming ﬁndings by
Singh et al. (personal communication), Bruun et al. (2008), and
Santos et al. (2012). In contrast, Kuzyakov et al. (2009) observed
that, 1.5% of added PyOM, was incorporated into microbial biomass
after nearly 20 months incubation. This ﬁnding implies that
incorporation of PyOM into microbial biomass may be time
dependent.
Jones et al. (2012) found that the microbial community of a soil
containing PyOMwas characterized by a lower microbial efﬁciency,
and hypothesized that this was due to a relative increase in bacteria
instead of fungi in the microbial community. In fact, bacteria are
known for being characterized by a lower efﬁciency. This hypoth-
esis was not conﬁrmed in the present study where a signiﬁcant
change in microbial biomass C:N was not observed (Table 1,
Supplementary material), a commonly used indicator of the fun-
gal:bacterial composition of microbial biomass (Fierer et al., 2009).
4.3. Temporal mineralization pattern of native soil organic matter
The presence of PyOM promoted the mineralization of native
soil organicmatter, i.e., induced a positive priming effect, in the ﬁrst
18 days and inhibited mineralization from Day 18 until the end of
the incubation, i.e., induced a negative priming effect (Fig. 1c). Our
ﬁndings are similar to those by Zimmerman et al. (2011) who hy-
pothesized that in an initial phase, the organicmatter promoted the
decomposition of PyOM and in a second phase, PyOM sorbed the
organic matter and protected it from decomposition. Such a
priming effect pattern was also used in the process-based model
developed by Woolf and Lehmann (2012) to evaluate the impact of
yearly PyOM addition on soil C storage in a maize crop ecosystem
over 100 years. In our experiment, the partitioning of soil respira-
tion between PyOM and soil organic matter derived-C indicated
that the mineralization of native organic matter was also promoted
in the short term, conﬁrming the ﬁndings of Keith et al. (2011).
Several processes that may be simultaneous, sequential or
mutually exclusive may have occurred to explain these observa-
tions. One hypothesis for the initial positive priming effect is that
the labile fraction present in PyOM triggers soil microﬂora. Several
authors distinguished two processes occurring in the priming effect
that are induced by labile substrates: apparent and real priming
effects (Blagodatsky et al., 2010; Kuzyakov, 2010). The apparent
priming effect is an increase in the CO2 efﬂux resulting from the
activation of the dormant biomass due to the addition of available
substrates. This results in an increase in the maintenance respira-
tion of the total soil microﬂora (Blagodatsky and Richter, 1998;
Blagodatsky et al., 2010). The real priming effect appears in a sec-
ond phase and is the result of increased mineralization of the soil
organic matter by some of the activated microbes (Kuzyakov, 2010)
or by the K-strategist microorganisms. The latter take advantage of
the enzymes released by the activated one (Fontaine et al., 2003).
The apparent priming effect has often been observed as a result of
the addition of labile substrates, e.g., glucose (Wu et al., 1993;
Conde et al., 2005; Blagodatsky et al., 2010; Blagodatskaya et al.,
2011). Although PyOM is often treated as a homogenous recalci-
trant compound it may contain a fraction of easily decomposable
substances which have the potential to trigger microbial biomass
activity. In our study, the two-pool decomposition model indicated
that PyOM also contained a fast pool corresponding to 3.3% of the
total PyOM-C (Table 3). The presence of a readily available fraction
was conﬁrmed by Hilscher et al. (2009) who observed that
ryegrass-derived PyOM contained a fraction of water-soluble C
equivalent to 3.9% of PyOM-C. The occurrence of an apparent
priming effect in the ﬁrst four days of the incubation is supported
by the following indicators: (i) the easily decomposable fraction of
PyOM is lower than the initial microbial biomass (approximately
13% of microbial biomass C) and thus considered to be an insufﬁ-
cient quantity to induce a real priming effect (Blagodatskaya et al.,
2011), and (ii) the quantity of primed C after 4 days was lower than
the amount of microbial C in the soil (8% of microbial C). This lower
level is also assumed to be an indicator of an apparent priming
effect (Kuzyakov, 2010).
The positive priming effect may also result from the pH change
induced by PyOM addition (Fig. 1 Supplementary materials). Luo
et al. (2011) found that the increase in native organic matter
mineralization promoted by the presence of PyOM was propor-
tionally higher in acidic than in alkaline soils, suggesting that
liming could play a role in determining the magnitude of the pos-
itive priming effect. It is well known that liming in acid soils may
cause a short-term increase in soil respiration (Badalucco et al.,
1992; Haynes and Naidu, 1998; Haynes, 1984). Jones et al. (2011)
suggested that PyOM may change the soil pH towards the opti-
mum for extracellular enzymes. In our study, the presence of PyOM
increased the pH of soil throughout the entire incubation period
(Fig. 1 Supplementary material). However, we observed a change in
the direction of priming after 18 days. Therefore, we can only
speculate that the change in soil pH was not the prevailing factor
responsible for the change in the native soil organic matter
mineralization after 18 days. The most often cited explanation for
the negative priming effect is that PyOM adsorbs organic matter on
its surfaces (Liang et al., 2010; Cross and Sohi, 2011; Zimmerman
et al., 2011). Alternatively, the negative priming effect could be
explained by depletion in the available substrate (Bingeman et al.,
1953). However, this explanation is unlikely in our soil, which
had a very high C content, and therefore was not likely to be C-
limited. Moreover, Hamer and Marschner (2005) did not observe a
limitation in the availability of soil organic C due to the priming
effect in a Cambisol incubation in which different substrates were
added. We also observed that PyOM caused a decrease in the
phenol-oxidase activity (Fig. 3). This could have contributed to a
decrease in mineralization of more condensed compounds. How-
ever, such decrease was already observed in the ﬁrst sampling date
when the positive priming effect was observed. Moreover, we
believe that such a decrease was more likely an artifact of PyOM
sorption of the assay (see Section 4.1). Thus, we can only speculate
that the reduction in phenol-oxidase may have contributed to the
negative priming effect in the second part of the experiment.
4.4. N dynamics
PyOM only altered the NH4þ content of the soil up to Day 4 of the
incubation period (Fig. 2b and c). NH4þ content of PyOM (Table 1)
can only explain 26% of the additional NH4þ that was recovered on
Day 4. Therefore, we concluded that the remaining 74% mineral
NH4þ was derived from the increased mineralization of the native
organic matter (i.e., priming effect) and PyOM mineralization.
Moreover, PyOM addition increased gross N mineralization on Day
4 (Kruskal test, p < 0.05, Fig. 2c). This conﬁrms the ﬁndings of
Nelissen et al. (2012) who observed an increase in gross N miner-
alization in the ﬁrst week after PyOM addition. By modeling N
ﬂuxes using 15N tracer, they found that increased gross N
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mineralization was mostly derived from the recalcitrant pool of
organic matter. We hypothesize that the increase in gross N
mineralization is mainly derived from increased microbial activity,
therefore we favor the microﬂora triggering explanation for prim-
ing effect over the pH change one, as liming does affect neither
gross (Cheng et al., 2013) nor net (Dancer et al., 1972) N minerali-
zation. Gross N mineralization in the PyOM treatment was also
slightly higher than in the control treatment in the ﬁfth sampling
date, i.e., after 158 days. The higher Nmineralization rate at the end
of the incubation period could be due to themineral N derived from
the PyOM decomposition, which in the present study, was shown
to have a very low C:N ratio and was therefore a source of N.
Moreover, the adsorption of added labeled NH4þ onto PyOM sur-
faces (Jones et al., 2012) may have also reduced the content of
labeled NH4þ recovered in the extract. This would result in a bias
when interpreting gross mineralization data, i.e. the observed NH4þ
decrease in mineral N pool would be interpreted as an increase of
gross mineralization, but low amounts of NH4þ were due to its
adsorption onto PyOM surfaces and not because of an increase in
mineralization per se. The NH4þ mineralized within the ﬁrst few
days was rapidly transferred to the NO3 pool and remained in this
form until the end of the incubation period. Nitriﬁcation was very
high in our soil. On Day 4, the initial N addition induced a higher
nitriﬁcation rate, which was probably derived from the nitriﬁcation
of NH4þ from the N added as unlabeled NH4NO3 at the start of the
experiment. FromDay 4 to 18, we found a higher nitriﬁcation in the
PyOM treatments compared to the control soils likely because of
the transformation of the NH4þ derived from the strong initial
priming effect. Our results disagreewith the ﬁndings of DeLuca and
Sala (2006) who observed higher nitriﬁcation rates in burned forest
soil compared to unburned. They suggested that PyOM removed
nitriﬁcation inhibitors, e.g., phenols, derived from shrubs growing
in the understory. In the present study, nitriﬁcation seemed to be
limited by its substrate NH4þ rather than by the presence of phenols.
Bruun et al. (2012) found that PyOM induced a net N immobiliza-
tion, while in our study we observed that PyOM induced a net N
mineralization. This discrepancy can be explained by the different
C:N ratio of the two PyOM (40 and 47, Bruun et al., 2012 versus 9 in
the present study). These ﬁndings conﬁrm the importance of C:N to
predict N mineralization in soils amended with PyOM or other
substrates (Mary et al., 1996). The increased N mineralization was
not accompanied by an increase in protease activity (Table 2). This
is in agreement with the N mining theory that postulates that
higher N availability decreases the decomposition of the recalci-
trant fraction of a substrate only when it is poor in N (Craine et al.,
2007), which was obviously not the case for the PyOM in our study
(Table 1). Moreover, the unchanged protease activity in the pres-
ence of PyOM might also be because casein is an assay represen-
tative of high molecular weight compounds, while the organic
matter decomposed at the beginning of the experiment was more
likely composed of soluble low-weight N molecules rather than
relatively less soluble large molecules.
5. Conclusions
We incubated ryegrass-derived 13C-labeled PyOM for ﬁve
months in the topsoil of a Cambisol with and without additional N
amendments. The PyOM was characterized by a narrow C:N ratio,
and mineralized relatively fast. Therefore its efﬁciency as C-sink in
soil systemwould be rather limited. PyOM promoted native organic
matter mineralization during the ﬁrst 18 days and inhibited it af-
terward. We suggest that the positive priming effect resulted from
an increase in the activity of soil microﬂora or from the shift in pH
following PyOM addition.While negative priming effect may follow
from depletion of available C or from the adsorption of organic
matter on PyOM surfaces. Our initial hypothesis that N addition
may decrease PyOM decomposition via depressing phenol-oxidase
activity was not conﬁrmed. On the contrary, PyOM decreased the
potential activity of the enzyme, most likely by partly adsorbing the
assay. The initial positive priming effect was concurrent to an in-
crease in gross N mineralization and NH4þ content. The latter was
rapidly nitriﬁed in our soil system.We believe that our results were
strongly inﬂuenced by the characteristics of the PyOM used, which
was characterized by a notably narrow C:N ratio and by the pres-
ence of an easily decomposable C-pool. Therefore, we conclude that
special attention needs to be paid to PyOM characteristics when
evaluating the effect of PyOM on soil C and N dynamics.
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Abstract 8
Pyrogenic organic matter (PyOM) is considered an important soil carbon (C) sink. However, 9
there are evidences that its addition to soil may induce a priming effect (PE) thus influencing 10
its C abatement potential. The direction, the size and the mechanisms responsible for PyOM 11
induced PE are far from being understood. We collected approximately 650 data points from 12
18 studies to analyze the characteristics of the PE induced by PyOM. The database was 13
divided between the PE induced on the native soil organic matter and on fresh organic matter. 14
Most of the studies were short-term incubation therefore the projections of findings on the 15
long term may be critical. Our findings indicate that over one year PyOM induces an average 16
positive PE of 0.3 mg C g-1 soil on native soil organic matter and a PE of approximately the 17
same size but opposite direction on fresh organic matter. We studied the correlation of PE 18
with several properties of soil, of the added PyOM, and time after PyOM addition. We found 19
that PyOM primes positively the native soil organic matter in the first 20 days while negative 20
PE appears in a later stage. Negative PE was correlated to the soil C content. PyOM 21
characterized by a low C content induced a higher positive PE on native soil organic carbon. 22
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No correlation was found between the factors record in our database and the PE induced on 23
the fresh organic matter. 24
We reviewed the mechanisms proposed in literature to explain PE and discussed them based 25
on findings from our meta-analysis. We believe that the presence of a labile fraction in PyOM 26
may trigger the activity of soil microorganisms on the short term and therefore induce a 27
positive PE, while on the long term PyOM may induce a negative PE by promoting physical 28
protection mechanisms.29
30
 Introduction: 31
Pyrolysis process consists in the heating of organic matter under anoxic conditions. Pyrolysis 32
can occur during wildfires, where local and temporary limitation of oxygen can occur, or it 33
can be a controlled process to produce heat and PyOM, also termed biochar, from agricultural 34
residues (Lehmann & Joseph, 2009). We define here Pyrogenic organic matter (PyOM) as the 35
residues of pyrolysis of biomass. PyOM can represent an important fraction of soil C both in 36
soils amended with biochar and in natural soils. In fact PyOM is virtually present in every soil 37
(Preston & Schmidt, 2006), and massive inputs of PyOM to the soil occur every year by forest 38
burning. The estimations of PyOM global production vary between 40 to 600 Tg C year-139
(Crutzen & Andreae, 1990; Kuhlbusch & Crutzen, 1995). Such a high input rate together with 40
its centennial mean residence time (Singh et al., 2012a) makes PyOM a fundamental 41
component of soil organic matter. Moreover, PyOM content in soil is likely to increase in 42
future due to the increasing fire frequency (Moritz et al., 2012; Flannigan et al., 2013) and to 43
the growing interest in the use of PyOM - biochar - as a tool to increase soil fertility and store 44
C at the same time (Lehmann, 2007; Verheijen et al., 2010).45
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Many recent studies indicated that PyOM beside from being a stable C pool can also affect 46
the stability of non-PyOM C pools, i.e. it may induce a priming effect (PE). Here we adopt the 47
terminology from Bingeman et al., (1953) who use the term PE to indicate the change in the 48
mineralization rate of the soil organic matter in a soil receiving an input of exogenous organic 49
matter. We specifically define PE as positive when the addition of PyOM increases the 50
mineralization rate of non-PyOM C and negative when PyOM decreases the mineralization 51
rate of non-PyOM C. PyOM was previously found to induce a positive PE (Wardle et al.,52
2008; Luo et al., 2011) or a negative PE (Kuzyakov et al., 2009; Cross & Sohi, 2011). Also, 53
no effect has been reported (Abiven & Andreoli, 2010; Santos et al., 2012).54
In the literature, PE was often reported as a response of soil to the addition of easily 55
decomposable substrates like sugar (Wu et al., 1993; Conde et al., 2005; Blagodatskaya et al.,56
2007, 2011; Blagodatsky et al., 2010; Kuzyakov, 2010), cellulose (Fontaine & Barot, 2005) or 57
plant material, e.g. rye grass (Wu et al., 1993). Surprisingly it was found that also PyOM 58
induced a priming effect although it has a low microbial availability (Kuzyakov et al., 2009; 59
Singh et al., 2013). Several mechanisms have been proposed to explain the PE observed in 60
individual studies; however a comprehensive analysis of results and mechanisms is still 61
lacking.62
Predicting the importance of PE induced by PyOM on the mineralization of non-PyOM C is63
crucial to assessment of PyOM C abatement potential. Woolf & Lehmann (2012), predicted 64
the importance of PyOM induced PE on C stabilization in agroecosystem by using a process 65
based model, however very little is known on the mechanisms responsible for PyOM induced 66
PE. For example, it is still not known whether the PE is related to the type of soil and to the 67
characteristics of the primed soil organic matter, or to the characteristics of the PyOM. It is 68
also not known whether the PE is important on the long term, or if it is only a short-term 69
phenomenon. The aim of the present study is to assess whether PyOM induces PE, its impact 70
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on soil C budget, and which factors are driving its size and direction. To reach these goals we 71
carried out a meta-analysis of the data reported in literature on PyOM induced PE separately 72
on native soil organic matter and on fresh organic matter. We define here fresh organic matter, 73
as an organic input  added to the soil, e.g. plant material or glucose.74
Moreover we reviewed the existing mechanisms presented in literature and discussed them 75
based also on results from our meta-analysis.76
Data collection  77
The PE induced by PyOM on the native organic matter and on the fresh organic matter was 78
considered separately. We extracted data from individual sampling dates, in order to take into 79
account the effect of time on PE. We expressed PE as the increase in CO2 efflux derived from 80
non-PyOM C pool compared to CO2 efflux in the control treatment, i.e. in the treatment 81
without PyOM addition. Where CO2 efflux was not expressed as rate but as cumulative CO282
efflux, we transformed the cumulative values into fluxes and attributed it to the last day of the 83
cumulative period. To give the same importance to each study, we attributed to each data 84
point a weight, inversely related to the number of data extracted from the study, using 85
equation [1]:86
W=1/Ndata                                                                          [1]87
Where W is the weight attributed to individual data, and Ndata is the number of data extracted 88
from the study. 89
To estimate how soil respiration changed over time in treatments where no PyOM was added 90
(i.e. in control treatments) we used a linear regression of soil respiration on log-transformed 91
time (Figure 1 supplementary material). For PE on native soil organic matter we restricted our 92
data collection to studies employing isotopic techniques to discriminate among the sources of 93
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CO2. In the case of studies using both labelled and unlabelled techniques (Zimmerman et al.,94
2011) we considered only the treatments with 13C-CO2 estimations. We consider here that 95
only the 13C-based studies can provide reliable information and direct calculation to the PE. 96
For the PE on native organic matter, we collected data from 12 publications (Table 1). Our 97
data set was composed in total of 464 data points, each of them reporting PyOM C content, 98
soil C content, time, soil pH, PyOM-C added g-1 soil C added, PyOM parent biomass (wood 99
or grass), soil texture (classes).100
PE was calculated using equation 2: 101
PE = NSOMPyOM - NSOMcon     [2]   102
Where PE = PE, NSOMPyOM = mineralization rate of Native Soil Organic Matter in soil 103
amended with PyOM, NSOMcon = mineralization rate of Native Soil Organic Matter in control 104
(soil without any amendment). All the terms are expressed as mg C-CO2 g-1 soil day-1.105
For the PE induced by the interaction between PyOM and fresh organic matter, we compiled a 106
data set from six studies (Table 2), consisting in a total of 198 data. We estimated PE using 107
equation 3:108
PE = (MINwithPyOM – MINwithoutPyOM) / MINwithoutPyOM                                          [3] 109
Where MINwithPyOM is the mineralization of the fresh organic matter in the PyOM treatment 110
and MINwithoutPyOM the mineralization in the control treatment. 111
In the studies where PyOM induced PE on fresh organic was measured in a soil matrix (i.e. 112
not in quartz sand like in Hamer et al., (2004), it is necessary to partition the CO2 between 113
three sources: PyOM, native soil organic matter, and fresh organic matter. This would imply 114
the use of two of different isotopic labels, i.e. 14C and 13C, as in the study from Blagodatskaya 115
et al., (2011). Since such set up has not been used so far in studies on fluxes in PyOM 116
amended soils, we included also studies where isotopic techniques were not applied. 117
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Therefore when it was not possible to separate the flux of fresh organic matter from the other 118
flux we used equation 4: 119
PE = (SRobserved-SRtheoretical)/SRtheoretical                                                                                        [4]120
Where SRobserved was the SR in SR(soil+fresh_organic_matter+PyOM) – SRsoil , and SRtheoretical was the 121
sum of (SRfresh_organic_,matter+soil-SRsoil)+(SRPyOM+soil-SRsoil), therefore attributing the whole 122
change in SR to the a change in the mineralization of the fresh substrate. We reported the PE 123
as % of fresh organic matter decomposition rate. We also calculated the PE and expressed it as 124
mg C g C-fresh organic matter added, using equation 5 and 6:125
PE= (MINwithPyOM – MINwithoutPyOM)                                         [5] 126
127
PE = (SRobserved-SRtheoretical) [6] 128
To compare PE on fresh organic matter with the PE on native soil organic matter, we then 129
expressed it as mg C-CO2 g-1 soil day-1. We recognise, however that this value is affected by 130
the quantity of fresh organic matter added to the soil in the different experiments.131
We tested the following factors as explanatory variables for PE induced on fresh organic 132
matter: time, fresh organic matter C:N ratio, PyOM-C, PyOM-N, PyOM-C:N ratio, fresh133
organic matter N content, fresh organic matter C, fresh organic matter addition rate and soil C.134
To evaluate which factors are influencing PE, we used the model simplification approach 135
described in Crawley (2007) consisting in seeking for the minimal adequate model. In order to 136
estimate if the relation between the response variable (PE) and the explanatory variable was 137
significant without presuming their distribution, we used the bootstrapping method with 1000 138
re-sampling iterations (Crawley, 2007) to establish whether the slope of the regression was 139
significantly different from 0 (p<0.05). The regression was weighted by giving to each point 140
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the weight in equation 1. All the statistical analyses were performed using the statistical 141
software “R”. The software “g3Data” (http://www.frantz.fi/software/g3data.php) was used to 142
extract data from the figures. 143
 Results and discussion of the meta-analysis 144
The maximum positive PE on native soil organic matter mineralization was observed by 145
Cross & Sohi, (2011) in an incubation experiment fifteen days after PyOM addition and was 146
equal to 0.04 mg C-CO2 g-1 soil day-1, while the minimum PE (i.e. the maximum negative PE) 147
observed was equal to -0.02 mg C-CO2 g-1 soil day-1 after 90 days (Zimmerman et al., 2011).148
The maximum observation period was the incubation experiment by (Singh et al., 2012b),149
lasting for 5 years. Overall most of the data points collected in the data base were short-term 150
measurements. In fact 50% of the data points we collected were measured within less than 151
three months after PyOM addition to the soil (Figure 2 supplementary material). Overall the 152
average weighted PE observed in literature was 0.0020±0.0003 mg C-CO2 g soil day-1153
(p<0.001, weighted t-test). Among the explanatory variables, time (logarithm transformed) 154
and the interaction between time and PyOM-C content were significant (p<0.001, regression 155
slope different from 0, boot strapping). We observed that PE decreased with time, and that 156
PyOM having a low C content induced more positive PE on the short term (Figure 3157
supplementary material). Most of the highest positive effect occurred within the first 20 days 158
and with a low PyOM-C content, while most of the negative priming occurred on a longer 159
time scale (Figure 2). Modelling PE over time, based on data collected in the database, we 160
observed that the PE was positive until 200 days, and then negative (Figure 1). When PE was 161
cumulated over time it was reaching a neutral PE, i.e the positive PE induced in the beginning 162
was counterbalanced by the negative observed afterward, approx 600 days (Figure 1). We did 163
not observe a correlation between PE and the other variables recorded in our database: PyOM 164
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C content, soil C content, time, soil pH, PyOM-C added g-1 C added, PyOM parent biomass 165
(wood or grass), soil texture (classes).166
We calculated the integral of the curve relating PE and time, and we found that PyOM after 167
one year of addition induced a cumulative positive PE equivalent to 0.3 mg C g-1 soil. This 168
loss represented 15% (0.32 mg C%2 g-1 soil-1, Figure 1) of the average soil respiration in 169
control treatment, i.e. where no PyOM was added (2.1 mg C% 2 g-1 soil-1, Figure 1 170
supplementary). The theoretical influence of PE on the abatement potential of PyOM-C is 171
reported in Figure 4 of the supplementary materials. Given that we did not find a correlation 172
between PE and the amount of PyOM-C added to the soil, we considered a fixed PE of 0.3 mg 173
C g-1soil year-1. The impact of PE on C abatement potential is inversely proportional to the 174
amount of PyOM-C added g-1 soil. Therefore when low amounts of PyOM are added to the 175
soil the impact of PE can be relevant. In the studies collected in our database the mode of the 176
addition rate was about 10 mg PyOM-C g-1 soil (Figure 4 supplementary), in this case losses 177
by PE would represent 3% of PyOM-C added. Such addition rate would correspond in an 178
ideal soil having 1 g cm-3 and tilled down to 20 cm to an addition rate of 20 t PyOM-C ha-1.179
Considering a pyrolysis C yield  of 37% (Woolf & Lehmann, 2012) approximately 54t of 180
agricultural residues-C would be necessary to produce such amount of PyOM. This would 181
correspond to the summation of the agricultural residues produced over several years.182
Therefore we believe that the quantity of PyOM added to the field would generally be lower183
than the mode of PyOM generally added in laboratory experiment and therefore PE may 184
significantly reduce the abatement potential of PyOM.185
In the data set on PE induced on fresh organic matter the longest observation period was 1.5 186
years in the incubation experiment by Liang et al., (2010). The maximum observed PE was 53 187
% and was observed in Novak et al., (2010) after 25 days, while the minimum was observed 188
in Zavalloni et al., (2011) where the decomposition of fresh organic matter plus PyOM did not 189
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significantly differ from the decomposition of fresh organic matter alone. We found that the 190
mean of PyOM induced PE on the fresh organic matter was negative and was -10±2% 191
(weighted t-test, p<0.001) of the theoretical mineralization rate, this is equivalent to -3.9±1.5 192
mg C-CO2 g C-fresh organic matter day-1 and to -0.005±0.002 mg C-CO2 g-1 soil day-1 when 193
expressed on a g of soil basis. We could not find a relation between recorded factors and PE. 194
Nevertheless this could be attributed to the setups that differed considerably among the 195
experiments, and this may have increased the variability of the response.196
Woolf & Lehmann (2012) predicted using a process based model, that the cumulative PE 197
induced by PyOM, at the end of the year, was negative. They assumed that the C stabilization 198
effect of PyOM was linearly related to amount of PyOM content in soil, while we observed a 199
correlation between PyOM-C and PE and no correlation with the application rate. If negative 200
PE is considered to be positively correlated to PyOM content in soil, assuming a yearly input 201
of PyOM to the soil, and given the low decomposition rate of PyOM, the C stabilization will 202
increase year after year. Given our results we believe that assuming the C stabilization to be 203
proportional to PyOM contained in soil, may lead to an overestimation of C stabilized 204
particularly when predicting dynamics over decades. Moreover Woolf & Lehmann (2012)205
considered only the effect of PyOM on the fresh organic matter, for which however very few 206
experiment exist (Table 2), and did not take into account the effect that PyOM can have on 207
native soil organic matter which may counterbalance the impact on the fresh organic matter, 208
as we observe from our results that the two effects have an opposite direction.209
When looking at the PE induced by other types of organic matter, Sayer et al. (2011) found 210
that litter input increased native soil organic mineralization by 13% over one year, while Crow 211
et al. (2009) found that litter addition induced a priming of 15-21% over one year. This 212
indicates that the PE induced by PyOM is equivalent to other types of organic inputs, despite 213
its low decomposability.214
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Based on this meta-analysis, we conclude that both negative and positive PEs can co-exist. 215
Looking at the native soil organic matter, the positive PE occurs on the short term and more 216
intensively, while negative PE is acting on the longer term with less intensity. The 217
characteristics of the PyOM (C content) also seem to play a role, but this is directly related to 218
the time, i.e. PyOM characterised by a low C content may induce a positive PE on the short 219
term.  While for the PE on the fresh organic matter it was not possible to establish a 220
relationship between the observed PE and the variables recorded in our database. Also, it has221
to be noticed that most of the studies included in the present meta-analysis are short-term 222
(Figure 2 supplementary) and therefore projections of the impact of PE on the long term, may 223
suffer from a lack of data. Moreover it has to be considered that on the long term the factors 224
that may influence PE size and direction may vary, e.g. repeated addition of PyOM, seasonal 225
variations of soil temperature and moisture. As these factors were constant in most of the 226
studies considered (incubation studies) it was not possible to consider the effect of their 227
variation over time. 228
In the literature, several mechanisms have been proposed to explain the PE induced by 229
PyOM. In the following sections, we will review these mechanisms and evaluate how 230
influential they can be considering also the meta-analysis results. We believe that the 231
mechanisms hereafter described do not exclude each other and they may all contribute 232
simultaneously to the resulting net PE.233
The labile fraction mechanism 234
Our findings on the positive PE induced on native soil organic matter agree with the theory of 235
Fontaine et al. (2003) and suggest that the addition of fresh organic carbon to the soil 236
represents an energy source that increases the microbial biomass. According to the theory 237
from Fontaine et al. (2003) if the added substrate is sufficiently complex this will favour the 238
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growth of k-strategist decomposers responsible for the decomposition of the native organic 239
matter. In fact several studies observed an increase of soil microbial biomass after PyOM 240
addition (Bruun et al., 2008; Steiner et al., 2008a; Kolb et al., 2009; Lehmann et al., 2011; 241
Maestrini et al., 2014a). Moreover PyOM, being a complex blend of molecules (Schmidt & 242
Noack, 2000; Keiluweit et al., 2010; Spokas, 2010), is likely to represent the kind of substrate 243
that can trigger the growth of k-strategists microbes. 244
In addition, PyOM may contain a small easily decomposable fraction (Hamer et al., 2004; 245
Keith et al., 2011; Santos et al., 2012; Singh et al., 2012b; Maestrini et al., 2014a) that would 246
constitute an energy source for microbial community on the short term. This agrees with our 247
findings that low-C content PyOM induce positive priming on the short term (Figure 1 248
supplementary materials). Several studies show that PyOM characterised by a low C content 249
contains a larger labile fraction. Singh et al., (2012b), using 13C cross polarization NMR 250
found that a low C content in PyOM was associated with a larger fraction of non aromatic C.251
Fabbri et al., (2012) found that a higher PyOM content in sugar, estimated by pyrolysis 252
coupled to gas-chromatography, was often associated to a low C content. Singh et al., (2012b)253
also found a positive correlation between soil respiration and the presence of an easily 254
decomposable fraction and Fabbri et al., (2012) found that higher CO2 fluxes were associated 255
to PyOM containing a higher fraction of sugars and a low level of aromaticity. 256
Even though we did not find a correlation between PyOM C content and pyrolysis 257
temperature there is a general agreement in the literature on the positive correlation between 258
the two (Keiluweit et al., 2010; Zimmerman et al., 2011). Also, the pyrolysis temperature is 259
likely to affect PyOM chemistry and thus its availability to soil microorganisms. Keiluweit et 260
al., (2010) proposed a multi-phase model that correlates PyOM structure and pyrolysis 261
temperature. Their model proposes that the PyOM content of volatile matter (which is thought 262
to be more labile) decreases with higher pyrolysis temperature while the non-volatile fraction263
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(more resistant to decomposition) shows a relative increase. In this model a distinction is 264
made between amorphous PyOM and composite PyOM. The amorphous PyOM is composed 265
mainly of pyranones, phenols, pyrroles and is characterised by a relative increase of stable 266
aromatic lignin compared to raw material, since lignin is more heat resistant than cellulose. 267
The turbostratic PyOM is formed at higher temperature and is characterised by a higher 268
degree of condensation. Turbostratic PyOM is composed of turbostratic crystallites embedded 269
in a matrix of amorphous PyOM. It is therefore possible that less condensed and thus more 270
available PyOM produced at low temperatures stimulates soil microorganisms inducing a 271
higher positive priming effect. 272
Also the feedstock may affect PyOM chemical properties like PyOM-C content and forms. It 273
is known that grass-derived PyOM are characterized by a lower C content and thus are less 274
condensed, probably due to the lower thermal stability of cellulose compared to lignin 275
(Hammes et al., 2006; Keiluweit et al., 2010; Knicker, 2010). For example, Hilscher et al.,276
(2009) using 13C NMR technique, observed that a low C content of the ryegrass-derived 277
PyOM corresponded to a higher content of alkyl C compared to the wood-derived PyOM. 278
Overall we can therefore expect that grass-derived and low temperature PyOM induce a 279
higher positive PE on the short term.280
Sorption 281
This mechanism is related to the capacity of PyOM to adsorb other organic compounds. This 282
property is already described extensively in the literature (Lehmann et al., 2005; Lehmann & 283
Joseph, 2009; Joseph et al., 2010). PyOM capacity to adsorb organic compounds is related to 284
its high porosity and cation exchange (Lehmann, 2007). It has been shown that PyOM has a 285
higher sorption capacity than non-PyOM for dissolved organic matter (Cornelissen et al.,286
2005a) and organic xenobiotics (Cornelissen et al., 2005b).287
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Carbon stabilization by sorption is generally considered one of the most likely mechanisms 288
for PyOM induced negative PE (Kimetu et al., 2009; Kuzyakov et al., 2009; Cross & Sohi, 289
2011), even though there is very little evidence for sorption of dissolved organic carbon to 290
depress organic matter decomposition (Kaiser & Guggenberger, 2000). The PyOM sorption 291
properties have been proposed as an explanation for negative PE from different perspectives. 292
First, the PyOM has been hypothesized to adsorb part of the native soil organic matter, 293
leading to a lower availability of substrate for decomposers (Kimetu et al., 2009; Kuzyakov et 294
al., 2009; Cross & Sohi, 2011). Pietikäinen et al., (2000) observed a high capacity of PyOM 295
to adsorb dissolved organic carbon compared to pumice. Second, it has been proposed that 296
PyOM sorption potential may influence enzyme activity. Zimmerman et al., (2011) suggested 297
that PyOM stabilization of extracellular enzymes alters their activity by: (i) blocking the 298
active sites of the enzyme or (ii) by inducing a deformation on the tertiary structure of the 299
enzyme. However these hypotheses were not confirmed by Jin, (2010) and Bailey et al.,300
(2011) who found an inconsistent effect of PyOM on a wide range of enzyme activities: the 301
addition of PyOM to the soil in some cases increased enzyme activity, while decreased it in 302
others. They attributed the increase in the activity to the PyOM stimulation of soil 303
microorganisms and the decrease to the sorption of the assay on PyOM surface. Moreover, it 304
has to be considered that among the two forms of enzymes active in the soil, the extracellular 305
stabilized enzymes and the intracellular enzymes, only the latter contribute directly to 306
microbial activity (Nannipieri & Gianfreda, 1998; Nannipieri et al., 2012). The ecological 307
role of extracellular stabilized enzymes is only indirectly connected to microbial activity as 308
they may serve as a reservoir of potential enzymatic activity in case of changes in substrate 309
availability and as originator of signalling molecules by cleaving off small fragments of larger 310
polymer. The signalling molecules act as an inducer for microbes to release the enzyme for 311
the target molecules (Gianfreda & Rao, 2011; Wallenstein & Burns, 2011). Therefore we 312
believe that the sorption of extracellular enzymes on clays and organic matter (including 313
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PyOM) can not decrease the microbial activity, although it can decrease the enzyme activity 314
measured using the classical approach which can not separate between extracellular enzymes 315
and enzymes associated to microbes (Nannipieri et al., 2012).316
In our meta-analysis the size of the negative PE was higher when the soil had a higher content 317
in C when data on negative PE are pooled together (Figure 3). The sorption of dissolved 318
organic carbon agrees with these findings: in fact the dissolved organic carbon production is 319
not directly related to the time, and the physical protection mechanism is likely to become 320
relatively more influential in a second stage when the positive PE has ceased. Also, the 321
dissolved organic carbon production is proportional to the amount of C in the soil (Kalbitz et 322
al., 2000). This confirms findings from Zimmerman et al., (2011), and Stewart et al., (2013)323
who observed a higher C stabilization in soil richer in PyOM over a two years incubation. 324
Zimmerman et al., (2011) suggests that soil more rich in C will produce more C stabilization 325
due to the higher potential C to be sorbed. However, Kuzyakov et al., (2009) observed C 326
stabilization in a loess sediment (very poor in C) but not in a C richer loess derived-soil, 327
which although it was generally poor in C was still ten times richer in C than the loess 328
sediment. Also, Chen et al., (2008) showed that while non-PyOM sorption capacity is linearly 329
dependent on the concentration of the solute the PyOM sorption capacity is non-linearly 330
dependent, and shows greater affinity at low concentration rates, challenging the theory that 331
negative PE is correlated with DOC content of soil. Nevertheless, the range of concentrations 332
where PyOM sorption capacity is not linear is lower than the typical concentration of 333
dissolved organic carbon in soil (mg C L-1), therefore in the soil the sorption capacity of 334
PyOM is likely to be linearly correlated in the concentration range of dissolved organic 335
carbon.336
Chun et al., (2004) and Chen et al., (2008) found that the pyrolysis temperature significantly 337
altered the sorptive capacity of PyOM. They found that pyrolysis temperature altered the ratio 338
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of carbonized/non-carbonized material that are characterised by different adsorption 339
properties. Also James et al., (2005), Bornemann et al., (2007) and Harvey et al., (2011)340
found similar results with increasing sorption affinity positively correlated to pyrolysis341
temperature. It is therefore possible that charcoal produced at higher temperature has higher 342
sorption capacity. This would strengthen the importance of PyOM-C content which maybe343
correlated on the one side to the size of the PyOM labile C content and on the other for PyOM 344
sorption capacity. Therefore high temperature PyOM may contribute to stabilize C in the soil, 345
while low temperature C may contribute to stimulate microbial activity.346
Overall the sorption of dissolved organic matter on PyOM surface is a likely explanation for 347
the negative PE, particularly it is possible that in concurrence with the labile fraction it 348
determines the temporal pattern of PE of initial positive PE followed by a phase of negative 349
PE, as observed in several studies (Singh et al., 2012b; Maestrini et al., 2014a).350
Mechanisms related to the changes of soil properties 351
Addition of PyOM to the soil may change the soil chemical and physical properties. There is 352
an increasing body of evidence that PyOM addition will increase soil pH, mostly by adding 353
ash to the soil (Van Zwieten et al., 2009; Liu & Zhang, 2012; Maestrini et al., 2014a). Luo et 354
al., (2011) observed a relatively higher initial PE in a soil with a lower pH, however we did 355
not find a relation between priming and soil or PyOM pH (data not reported). Nevertheless 356
the alteration of pH may affect organic matter mineralization in several ways. When the pH of 357
soil solution is higher than 5 this may alter the equilibrium between CO2 and carbonates 358
(HCO3-, and CO3-) promoting the formation of the latter. This results in an artificial lowering 359
of the CO2 efflux until the saturation of the soil solution is reached, this generally occurs360
within a few days (Blagodatskaya & Kuzyakov, 2008; Lehmann et al., 2011). Theoretically 361
the relevance of this process decreases with time, as PyOM amendment effect on pH has been 362
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shown to decrease (Cheng et al., 2006; Maestrini et al., 2014a). However we observed that363
most of the negative PE occurred in later stages, therefore we believe that this is not a main 364
driver for observed negative PE.365
A shift in soil pH by PyOM addition may affect enzymatic activity (Jones et al., 2011). Even 366
though we cannot rule out this hypothesis, each enzyme has its optimum and it is therefore 367
likely that a shift in pH does not have a unidirectional effect on enzyme activity.368
Kimetu & Lehmann, (2010) suggested that PyOM may increase soil aggregation which can in 369
turn increase C stabilization, particularly by incorporating C in microaggregates (Six et al.,370
2006). However, it is often not possible to distinguish the effect of sorption from the effect of 371
aggregation, in fact these two effects are often classified together as physical protection 372
mechanisms (Sollins et al., 1996). Vasilyeva et al., (2011), Brodowski et al., (2006) and 373
Skjemstad et al., (1993), found relatively large quantities of PyOM in microaggregates, and 374
propose that PyOM plays an important role in microaggregates formation acting as a binding 375
agent. A similar conclusion was drawn by Fellet et al., (2011) who observed a higher water 376
retention capacity in PyOM amended soil and attributes this to an increase of aggregation. 377
Piccolo et al., (1997), found that coal derived humic substances can improve aggregate 378
stability by creating a water repellent coating to the humic-mineral associations. Liang et al.,379
(2010) found that PyOM increased the incorporation of fresh added organic matter in the 380
aggregates. However in their study this was not accompanied by a decrease of the PE induced 381
by PyOM on the fresh organic matter. We would expect that the promotion of aggregates382
formation would have pronounced effects in soil with little structure, like sandy soil, however 383
we did not find an effect of soil texture on PE (data not reported), and therefore although we 384
believe that this mechanism can occur we can not confirm this with our meta-analysis.385
An alternative explanation for the phase of negative PE observed in several studies is the 386
shortage of available organic matter caused by the higher decomposition rates of the positive 387
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PE phase (Bingeman et al., 1953). However, Hamer & Marschner, (2005) have shown by 388
repeated substrate addition that there was no limitation in availability of soil organic carbon to 389
PE. Moreover when this mechanism occurs we expect that a soil richer in C would be less 390
affected by C depletion effect, but results on negative PE did show that soils richer in C are 391
affected by more negative PE.392
Mechanisms related to the change in microbial community and 393
activity 394
The shift in the microbial structure is an explanation that has been used to explain both 395
positive and negative PE. Zimmerman et al., (2011) proposes that compounds toxic to 396
microbes can be released from the PyOM and reduce microbial activity and organic matter 397
mineralization. However they reject this hypothesis since the toxicity should show its effect 398
on microbial biomass on the short term, due to the volatile fraction they contain. Our results399
on the PE occurring mostly on the short term, confirm that even if such mechanism exists it is 400
not prevalent at least on the short term. Moreover there is also an increasing body of evidence 401
reporting an increase in microbial biomass following PyOM addition that indirectly do not 402
confirm the presence of toxic compounds (Bruun et al., 2008; Steiner et al., 2008b; Kolb et 403
al., 2009; Schneider et al., 2011; Maestrini et al., 2014a). Nevertheless, it is also possible that 404
the observed increase in microbial biomass derives from an increased turnover following from 405
the death of microbial groups sensitive to the toxic compounds. In this case the dead 406
microbial cells could represent a growing substrate for microbes less sensitive to the toxic 407
elements of PyOM, generating an increased turnover of microbial biomass (Blagodatsky et 408
al., 2010).409
Lehmann et al., (2011) proposed based on the observation that PyOM induces a negative PE 410
and an increase in microbial biomass that the PyOM capacity of adsorbing organic matter411
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increases microbial efficiency (i.e. microbes produce less CO2 for the same amount of C 412
incorporated). They suggested that microbial biomass increase may be due to co-location of 413
micro-organisms and soil organic matter; this would reduce the energy invested by microbes 414
in producing extracellular enzymes. The basis for this hypothesis is the autoinducer theory 415
(Redfield, 2002) that postulates that microbes release the enzymes only when the risk of 416
losing them by diffusion is minimal. According to such theory a concentration of 417
decomposable substrate higher than the quorum sensing, i.e. the substrate concentration 418
threshold for bacteria to produce extracellular enzymes, will induce the production of 419
extracellular enzymes, and therefore increase substrate decomposition and minimize the 420
expenses for the production of enzymes.421
Our database does not allow us to verify the hypotheses on the efficiency of microbial 422
biomass in PyOM amended soils, however our results on positive PE induced by PyOM on423
the short term are challenging the initial assumption from Lehmann et al., (2011). Also Jones 424
et al., (2012), who estimated microbial efficiency based on initial consumption rate of added 425
glucose found that microbial efficiency in PyOM amended soil decreased, therefore not 426
confirming this hypotheses.427
Wardle et al., (2008) observed in a litter bag experiment an increase in C mineralization from 428
a mix of charcoal and humus compared to the expected decomposition from the two429
substrates separately. They suggested that PyOM can act as a “foci” (Zackrisson et al., 1996),430
i.e. a spot, where microbes can grow and decompose the phenols sorbed on PyOM surface 431
being protected from microarthropod predation. In fact according to Warnock et al., (2007)432
and Zackrisson et al., (1996) the size of many charcoal pores (often below 16 μm in 433
diameters) would allow the entrance of bacteria, fungi and microbe-feeding nematodes but not 434
of predators like protists (8-100 μm) nor micro-arthropods (100μm-2mm). However, as435
Lehmann et al., (2011) recently reviewed there is no quantitative evidence that microbes 436
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inside the PyOM porosity are protected from predators. Moreover the theory that microbial 437
activity is enhanced by protection against predation is challenged by the many evidences that 438
predation of microbes increase CO2 efflux for example by increasing the activity of soil 439
microorganisms by transporting them to unexploited substrates and by providing excretion 440
and defecations that are readily usable (Ingham et al., 1985).441
Mechanisms for priming effect on fresh organic matter 442
The mechanisms proposed in literature for PE on fresh organic matter do not differ 443
substantially from the one proposed for the native soil organic matter. Wardle et al., (2008)444
suggests the foci hypotheses, similarly Hamer et al., (2004) proposed that PyOM offers a445
large surface for the growth of microorganisms. Zavalloni et al., (2011) observed a 446
stabilization effect mixing PyOM and wheat straw, and suggested that the addition of PyOM 447
and decomposable organic matter produces an increase of C immobilization in microbial 448
biomass. However incubations are generally short term, and therefore the possible 449
immobilization of C in microbial biomass would be released on the long term by microbial 450
turnover. Jones et al., (2012) suggests that PyOM induces a shift in the microbial community 451
promoting less C-efficient microorganisms, so that more C is respired and less is stored. Keith 452
et al., (2011) report that PyOM may stabilize fresh organic matter by trapping it into organo-453
mineral fractions. This was confirmed by Liang et al., (2010) who found that more fresh 454
organic matter was incorporated in the aggregate fraction in a soil containing high quantities 455
of aged PyOM. 456
Looking at all the different reported explanation it appears clear that the labile theory does not 457
apply for the fresh organic matter, in agreement with the principle that fresh organic matter is 458
generally a source of energy for microbes, while old soil organic matter is rather a source of 459
nutrients (Fontaine et al., 2003). On the other hand soil organic matter is rich in soluble 460
compounds that once in soil can be mobilised and trapped in the aggregates whose formation 461
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is promoted by the presence of PyOM. Although the limited number of studies and the 462
heterogeneity of their setup does not allow us to conclude on the definitive mechanisms 463
responsible for the often reported PE on the fresh organic matter, we believe that it is likely 464
that PyOM may stabilize fresh organic matter by physical protection mechanisms. 465
Research perspectives 466
Although much work has been done on the mechanisms responsible for the priming effect, a 467
big uncertainty still resides in the processes occurring at landscape levels that may influence 468
PE induced by PyOM. We believe that particularly three aspects has to be elucidated: (i) 469
impact of continuous input of organic matter, (ii) impact of different land uses. Very little is 470
known on the impact of continuous input of fresh organic matter, their impact can be partially 471
inferred from studies where fresh organic was repeatedly added to the soil and biochar mix 472
(Hamer et al., 2004, Kuzyakov et al., 2009). Nonetheless, repeated input of the same 473
substance or mix of substances can hardly reproduce of the diversity and continuity of 474
rhyzodeposition. 475
Land use is a relevant driver for organic matter dynamics in soils, for example compaction, or 476
litter production seasonality strongly influence decomposition. Nonetheless so far studies 477
investigating PyOM induced PE  only looked at the influence of different land uses on soil 478
organic matter quality and quantity (Cross et al. 2011). We believe that understanding the 479
impact of tillage on priming effect induced by PyOM is specially important in the context of 480
biochar application. However this aspect was never investigated in the field, although its 481
impact was simulated in incubation experiments by mixing of soil (Kuzyakov et al., 2009). 482
We believe that these two aspects are crucial to understand the impact of PyOM induced 483
priming effect on soil C budget.484
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Conclusions 485
We found that on average PyOM induces a priming effect of similar magnitude but opposite 486
direction on native soil organic matter (positive priming effect) and fresh organic matter 487
(negative priming effect). The priming effect on native soil organic matter was found to be 488
related with time and PyOM-C content, with the positive priming effect occurring mostly on 489
the short term and induced by PyOM characterized by a low C content, and negative PE 490
appearing at a second stage.491
We discussed the different mechanisms that can be involved in the PyOM induced priming 492
effect on the native soil organic matter. We believe that the presence of a labile fraction in 493
PyOM may induce a positive priming effect on the short term by triggering the activity of494
soil microorganisms. Simultaneously PyOM may promote the physical protection of organic 495
matter by sorption on PyOM surfaces or into microaggregates, however the effect of this 496
mechanism appears only in a second stage when positive priming effect has ceased.497
We conclude that, although many uncertainties still exist, particularly on the parameters 498
driving the amplitude and the direction of priming effect, adding PyOM to the soil induces a 499
cumulative positive priming effect on a yearly time scale, on the native soil organic matter, 500
which may be counterbalanced by the negative priming effect observed on fresh organic 501
matter. However, further investigations on the factors influencing the priming effect induced 502
on fresh organic matter are required; particularly studies employing double isotopic labelling 503
would allow the determination of the priming effect both on the fresh and on the native soil 504
organic matter.505
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Tables 511
Table 1: Observations of priming on the native soil organic matter, for the study without isotopes the PE column reflect whether PyOM addition 512
induced changes in soil respiration rather than in native soil organic matter mineralization. Only studies employing isotopes were then included in 513
the meta-analysis.514
Author Type of 
experiment
Soil type Biochar type Climate PE 
direction
Mechanism 
proposed
(Bell & 
Worrall, 
2011)
Lysimeter 
in the field 
without 
isotope
1)arable soil (Sandy clay 
loam), vegetated and 
unvegetated 2)Black 
humified peat/organic
Lump wood (C content approx. 80%) Temperate Mostly
Neutral in 
the 
unvegetated 
treatment 
Positive in 
2 out of 9 
treatments.
Short-term 
increase of 
microbial 
biomass due
to increased 
habitability 
(foci 
hypotheses).
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(Cheng et 
al., 2008)
Incubation 
of soil 
sampled 
next to a 
furnace 
with an 
adjacent, no 
isotopes 
(unknown 
quantity of 
PyOM in 
the soil)
Broad variety of 
Canadian soils
Charcoal was produced in furnaces Gradient of soils Negative 
(Cross & 
Sohi, 2011)
Incubation, 
with 
isotopes
Silty-clay loam 1)bare 
(C content 1%) 2)Arable 
C content( 1.9%) 
3)grassland (C content 
3.6 %) 
Range of sugar bagasse with different charring temperature 
(350-550 °C) and time (20-80) 
Temperate Neutral or 
negative 
when 
calculated 
on a C 
basis
Sorption, 
particularly of 
readily 
available 
substrates
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(Jones et al.,
2011)
Incubation 
with 
isotopes 
Cambisol Mix of wood Temperate Negative Several 
hypotheses, 
among them: 
1)Sorption, 
2)Enzymes 
sorption 3) 
liming effect 
(Keith et al.,
2011)
Incubation 
with 
isotopes
Clay, rich in smectite, 
Vertisol
Eucalyptus Salinga Queensland Australia Positive,
particularly 
in the first 
18 days for 
SOM
Labile content 
of PyOM 
promote 
mineralization 
of native soil 
organic 
matter,ko
(Kolb et al.,
2009)
Incubation 
no isotopes
Several types Mix of manure and pine wood 4 different soils series Positive Increase in 
microbial 
biomass 
responsible 
for the PE 
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(foci). The 
strongest PE
comes from 
the more 
fertile soils
(Kuzyakov 
et al., 2009)
Incubation 
using stable 
isotopes
Loess soil and Loess Grass L. perenne (400°C) Temperate Neutral (in 
loess 
derived 
soil) or 
negative
(in Loess)
In Loess 
sorption of 
nutrients and 
organic C
(Luo et al.,
2011)
Incubation 
with 
isotopes
Aquic Paleudalf (Silty 
loam)
Miscantus giganteus Temperate Positive
PE,
relatively 
higher in 
the low pH 
soil, higher 
from 
PyOM of 
Co-
metabolism, 
due to the 
high 
concentration 
of available 
(i.e. 
dissolved) C 
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350 °C present in 
biochar. 
Moreover the 
350 induced 
more priming 
than the 700. 
Relative 
higher PE in 
low pH than 
in high pH 
(liming 
induced PE).
(Maestrini et 
al., 2014a)
Incubation 
with  
isotopes
Cambisol Rye grass Temperate Positive in 
the first 18 
days 
negative
from day 
18 to day 
158
Co-
metabolism 
and sorption 
of organic 
matter.
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(Major et al.,
2010)
Field 
experiment 
with plants,
with 
isotopes
Savanna Oxisol Mangifera Indica (500 °C) Tropical Positive PyOM 
induced more 
plant growth 
resulting in 
higher 
autotrphic 
respiration.
(Novak et 
al., 2010)
Incubation 
without 
isotopes
Loamy sandy Shell pecan Subtropical Neutral
(Santos et 
al., 2012)
Incubation 
with 
isotopes
Sandy loam and salty silt 
loam
Pinus ponderosa Mediterranean Neutral
(Zimmerman 
et al., 2011)
Incubation 
with 
isotopes
Several soil types Grass and wood Subtropical Positive in 
the first 90 
days and 
negative
afterward
Co-
metabolism in 
the beginning 
and 
encapsulation 
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and/or 
organic 
matter
sorption ob 
biochar 
surface.
(Singh et al.,
2012b)
Incubation 
with 
isotopes
Clay Several (wood/leaf/manure, 400-550°C, under N2, activated 
or not activated). 
Queensland (Australia) Positive in 
the first two 
years, and 
negative
afterward. 
(Farrell et 
al., 2013)
Incubation 
with 
isotopes
Coarse texture Wheat and Eucalipt shoots Temperate
Mediterranean
Positive Co-
metabolism
(Kimetu et 
al., 2009)
Incubation 
without 
isotopes
Clay Wood (450°C) eucalyptus salinga Tropical Negative in 
the low C 
soil and no 
difference 
in soil 
PyOM sorbs 
dissolved 
organic C or 
PyOM 
promotes 
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respiration 
in the high 
C soil.
aggregation
515
516
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Table 2: Studies investigating the PE on the fresh organic matter. The column entitled “Formula for PE” indicates whether equation 4 or equation 3 517
was used to measure PE. Equation 4 was used when it was not possible to  discriminate between the CO2 derived from PyOM and the CO2 derived 518
from fresh organic matter.519
Author Type of 
experiment
Soil type PyOM 
characteristics 
type
Co-
substrate
Climate Formula 
for PE
Mechanism proposed PE 
direction
(Abiven & 
Andreoli, 
2010)
Incubation without 
isotopes  
Cambisol 
with 30% 
clay, 4% 
organic C
and pH 6.1
Picea abies, 450 °C 
5 h anoxic
Four different 
co-substrates 
with a range of 
material
Temperate Equation 4 Neutral
(Hamer et 
al., 2004)
Incubation with 
isotopes
Quartz sand Maize, Rice, Straw Glucose Temperate Equation 3 Co-metabolism Positive
(Zavalloni 
et al.,
2011)
Incubation without 
isotopes
Silt-loam 
Cambisol
Wood Wheat-straw Temperate Equation 4 Negative
(Jones et Incubation with Sandy clay Wood Rye grass and Temperate Equation 3 Negative for 
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al., 2012) isotopes loam glucose, 
aminoacids 
cocktail
rye grass, 
neutral for 
other substrate
(Keith et 
al., 2011)
Incubation with 
isotopes
Clay, Vertisol Eucalyptus Salinga Sugar Cane 
residue
Subtropical Equation 3 PyOM promotes 
incorporation of fresh 
organic matter in aggregates 
Negative 
(Liang et 
al., 2010)
Incubation with 
isotopes. Terra preta 
(soils containing old 
PyOM) contrasted to 
adjacent soil (poor in 
PyOM)
Anthrosol Already present in 
the soil
Tropical Equation 3 Fresh organic matter 
incorporation in the 
Anthrosol rich in PyOM was 
higher than in the adjacent 
soil (poor in PyOM), but this
did not result in a decrease 
of mineralization.
Neutral.
(Wardle et 
al., 2008)
Litter bag, without 
isotopes
Empetrum 
hermaphroditum
Forest humus Boreal Not used The “foci hypotheses” Positive
520
521
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Figure captions
Figure 1: Priming eﬀect as a function of time. The grey line represent the modelled rate of priming eﬀect, while the black line
represent the cumulative modelled priming eﬀect, and is referred to the right y-axis. The size of the points is proportional to
the weight of each case calculated using equation 1.
Figure 2: Frequency distribution of priming eﬀect in the time quartiles of the database.
Figure 3: Negative priming eﬀect as a function of soil C content.The size of the points is proportional to the weight of each case
calculated using equation 1.
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2Abstract24
Pyrogenic organic matter (PyOM) decomposes on centennial timescale in soils, but the 25
processes regulating its decay are poorly understood. We conducted one of the first 26
studies of PyOM and wood decomposition in a temperate forest using isotopically labeled 27
organic substrate, and quantified microbial incorporation and physico-chemical 28
transformations of PyOM in situ. Stable-isotope (13C and 15N) enriched PyOM and its 29
precursor wood were added to the soil at 2 cm depth at ambient (N0) and increased (N+)30
levels of nitrogen fertilization. The carbon (C) and nitrogen (N) of added PyOM or wood 31
were tracked through soil to 15 cm depth, in physically separated soil density fractions32
and in benzene polycarboxylic acids (BPCA) molecular markers. After 10 months in situ, 33
more PyOM-derived C (>99% of initial 13C-PyOM) and N (90% of initial 15N-PyOM) 34
was recovered than wood derived C (48% of 13C-wood) and N (89% under N0 and 48% 35
under N+). PyOM-C and wood-C migrated at the rate of 126 mm yr-1 with 3-4% of 36
PyOM-C and 4-8% of wood-C recovered below the application depth. Most PyOM C37
was recovered in the free light fraction (fLF) (74%), with 20% in aggregate-occluded and 38
6% in mineral associated fractions —fractions that typically have much slower turnover 39
times. In contrast, wood C was recovered mainly in occluded (33%) or dense fraction 40
(27%).  PyOM addition induced loss of native C from soil (priming effect), particularly in 41
fLF (13%). The total BPCA-C content did not change but after ten months the degree of 42
aromatic condensation of PyOM decreased, as determined by relative contribution of 43
benzene hexa-carboxylic acid (B6CA) to the total BPCA C. Soil microbial biomass44
(SMB) assimilated 6-10% of C from the wood, while PyOM contributions was negligible 45
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3(0.14–0.18%). The addition of N had no effect on the dynamics of PyOM while limited 46
effect on wood.47
48
Keywords: pyrogenic organic matter, benzene polycarboxylic acids, density 49
fractionation, priming effect, soil organic matter, nitrogen deposition, 13C, 15N, microbial 50
biomass51
52
Abbreviations:  PyOM = Pyrogenic organic matter; BPCA= Benzene polycarboxylic 53
acids; fLF = Free light fraction; oLF = Occluded light fraction; DF= Dense fraction; 54
SOM = Soil organic matter; PE = Priming effect; SMB = Soil microbial biomass.55
56
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41. Introduction69
70
Pyrogenic organic matter (PyOM), a product of incomplete combustion of biomass 71
(Goldberg, 1985), is ubiquitous in soils (Schmidt &  Noack, 2000) and can account for up72
to 45% of total soil organic carbon (SOC) (Bird et al., 1999, Lehmann et al., 2008,73
Rovira et al., 2009, Schmidt et al., 1999b, Skjemstad et al., 2002). In recent years, PyOM 74
has received considerable interest by researchers, in part, because of its potential 75
relevance to the C cycle of terrestrial ecosystem (Schmidt et al., 2011). Climate change76
projections predict an increase in the wildfire frequency and intensity in temperate and 77
boreal regions (Moritz et al., 2012, Westerling et al., 2006), which would increase the78
inputs of PyOM to soils. The addition of PyOM to soils could also constitute a method 79
for sequestering C (DeLuca &  Aplet, 2008, Lehmann et al., 2006), if its residence time 80
in soil were sufficiently longer than its precursor biomass. However, many uncertainties 81
remain about the dynamics of PyOM C and N in soils including in situ PyOM turnover 82
rates, degradation pathways and stabilization mechanisms (Knicker, 2011, Singh et al.,83
2012).84
85
Most wood decomposition studies estimate decay rates as either mass loss or density 86
change per unit time (Chambers et al., 2001). These studies have estimated yearly to 87
decadal turnover time for fine woody debris and litter (Abbott &  Crossley, 1982, Busse, 88
1994, Clark et al., 2002, Fasth et al., 2011, Guo et al., 2006, Zell et al., 2009).89
Degradation rates of pyrolysed wood is slower than its initial precursor biomass and 90
becomes even slower with increasing pyrolysis temperatures (Baldock &  Smernik, 91
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52002). The slow decomposition of pyrolysed wood, and pyrogenic matter in general, has 92
been attributed to changes in physical and chemical structure, including an increase in the93
degree of aromatic condensation as the pyrolysis temperature increase from 2002
 
94
6002 (Baldock &  Smernik, 2002, Chatterjee et al., 2012, Keiluweit et al., 2010,95
Schneider et al., 2010, Zimmerman, 2010).96
97
In the last decade, studies on PyOM degradation in soils based on field (Bird et al., 1999,98
Hammes et al., 2008, Nguyen et al., 2008) and incubation studies (Baldock &  Smernik, 99
2002, Hamer et al., 2004, Hilscher &  Knicker, 2011, Kuzyakov et al., 2009, Santos et 100
al., 2012) challenges the view that PyOM persists in soils for millennia (Schmidt &  101
Noack, 2000). A recent synthesis of current knowledge of PyOM degradation in soil 102
estimated turnover times on centennial scales (Singh et al., 2012) . In addition to losses 103
via mineralization, PyOM is also vertically mobile in mineral soil (Brodowski et al.,104
2007, Dai et al., 2005, Rumpel et al., 2006, Skjemstad et al., 1999) and can eventually be 105
lost from soil by leaching (Abiven et al., 2011, Cheng &  Lehmann, 2009, Hockaday et 106
al., 2006, Major et al., 2009b, Shinogi et al., 2003). PyOM dissolution from soils could 107
therefore be an important translocation mechanism in the terrestrial system.108
109
Recent research on soil organic matter (SOM) concludes that long-term persistence of 110
SOM, i.e., on centennial scales, depends on its inaccessibility to microorganisms, such as 111
through organo-mineral interactions (Schmidt et al., 2011, von Lützow et al., 2006).112
PyOM interacts with the soil mineral phase (Brodowski et al., 2006, Cheng &  Lehmann, 113
2009, Cheng et al., 2006, Glaser et al., 2000) and has been posited to act as a binding 114
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6agent for soil aggregates (Brodowski et al., 2005a). Vasilyeva et al. (2011) observed that 115
70% of PyOM was associated with the dense fraction (>2 g cm-3) under 55 years of 116
fallow management (fire suppression) in the Streletzkaya steppe (Russia), and suggested 117
its stabilization by clay micro-aggregation. These studies indicate that aggregation and 118
mineral interactions may be important mechanisms for stabilizing PyOM in soil.119
However, we do not know when and to what extent such stabilizing mechanisms occur 120
during the PyOM decomposition pathway.121
122
Atmospheric N deposition has increased in recent decades and is predicted to further rise 123
(Galloway et al., 2008). This is important because C and N cycles are closely linked at all 124
scales and interact in many ways and therefore cannot be considered separately (Norby, 125
1998). N addition has decreased (Fog, 1988, Janssens et al., 2010, Turunen et al., 2004,126
Waldrop et al., 2004), increased (Bragazza et al., 2006, Mack et al., 2004, Waldrop et al.,127
2004), or had no effect on (Knorr et al., 2005) SOM decomposition rates. There are fewer 128
studies on the effects of increased N on wood and PyOM decomposition. These studies 129
observed increased (Allison et al., 2009, Bebber et al., 2011, Micks et al., 2004, Wal et 130
al., 2007) or level (McColl &  Powers, 1998) decomposition rates for wood, with no131
effect on PyOM (Santos et al., 2012).132
133
Recent observations showed that C mineralization rates for native SOM could be 134
influenced from PyOM addition to mineral soils (i.e., priming effect). However, the 135
direction of this priming effect is under debate. PyOM has been shown to inhibit136
(negative priming) (Jones et al., 2011), have no effect (Abiven &  Andreoli, 2010,137
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7Hilscher et al., 2009, Kuzyakov et al., 2009, Santos et al., 2012), or increase native SOM 138
mineralization rates (positive priming) (Steinbeiss et al., 2009, Zimmerman et al., 2011).139
Moreover, in an incubation study using different types of PyOM, Zimmerman et al. 140
(2011) observed a change in priming effects from positive to negative with time. Several 141
mechanisms have been proposed to explain these contradictory priming effects associated 142
with added PyOM—including, (i) differences in the physico-chemical state of PyOM in 143
different soils (Santos et al., 2012), (ii) encapsulation and/or sorptive protection of SOM 144
by PyOM (Zimmerman et al., 2011), (iii) nutritional competition and balance between r 145
and K strategist microbial population (Fontaine et al., 2003) or (iv) changes in microbial 146
community structure (Blagodatskaya &  Kuzyakov, 2008). For wood-amended soil, only 147
a few studies reported positive priming effects on SOM mineralization (Crow et al.,148
2009, Sulzman et al., 2005) or no priming effect (Santos et al., 2012).149
150
No reported field studies have compared the C and N dynamics of PyOM and its 151
precursor biomass during its decomposition in soil. To evaluate the potential of PyOM as 152
a long-term C sink in soil as compared to its precursor biomass, we conducted a field 153
study to quantify the fate of added 13C/15N labeled PyOM and its precursor biomass 154
(Pinus ponderosa wood) to a forest soil during ten months, in situ. To determine the 155
effect of added inorganic N on PyOM and wood dynamics in soil, we experimentally 156
manipulated N deposition to half of the plots by adding ammonium nitrate (NH4NO3) at 157
(+60 kg N ha-1 yr-1). The objectives of our study were to (1) determine recovery of C and 158
N from PyOM and its precursor wood in soil (0–15 cm) after 10 months; (2) quantify the 159
vertical movement of PyOM and wood C and N in the soil profile; (3) investigate the 160
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PyOM and wood C and N within operational-defined SOM fractions; (4) determine162
chemical changes in PyOM, both in quality and quantity in comparison to initial input,163
and (5) assess the effect of N treatment on the decomposition dynamics of PyOM and 164
wood in soil.165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
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92. Materials and Methods184
185
2.1 Field site186
The experimental site is a mixed, beech-dominated temperate forest, located 20 km 187
northwest of Zurich, CH (47º 28’ 40.8” N, 8º 21’ 55.2” E) on the south-facing slope of 188
Lägeren Mountain (eastern-most part of the Jura Mountain range) at 680 m above sea 189
level. The mean annual temperature is 8.4 ºC, and mean annual precipitation is 930 mm 190
(Ruehr &  Buchmann, 2010). The soil at the site is classified as a Cambisol (F.A.O.-191
U.N.E.S.C.O., 1998). Chemical and physical properties of the soil (0–10 cm) are 192
presented in Table 1. Soil volumetric moisture content and soil temperature were 193
monitored every 30 minutes at two depths (5 cm and 10 cm below the surface) within 194
each field replicates, using soil moisture temperature sensors (ECH2O-TE/EC-TM,195
Decagon Devices, U.S.) connected to a data-logger. Soil moisture in the field site ranged 196
from 20 to 50%, while temperatures ranged from 0ºC to 25ºC (at 5 cm depth) during the 197
first year of the study.198
199
2.2 Experimental design200
The experiment is located within a forest gap created by a natural windthrow (in 1999),201
which has been subsequently mowed to maintain open conditions. The site was chosen to 202
provide similar micro-climatic conditions to a post-fire gap. The experimental setup was 203
completely randomized blocks design, having the factorial combination of three types of 204
organic inputs (i.e. pinewood, PyOM, and no input as control) and two treatment levels of 205
N (ambient =N0 and added N = N+) with three field replicates (n=3) per treatment 206
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combination. The ambient, natural N deposition at the field site was estimated to be 20 kg 207
N yr-1 ha-1 (Kloeti et al., 1989). The N+ treatment corresponds to a level of ca. 80 kg N 208
yr-1 ha-1 (60 kg N yr-1 ha-1 added to the ambient N deposition). The wood used for the 209
study was primary stem biomass from two-year-old Pinus ponderosa saplings grown 210
under controlled greenhouse conditions and labeled with 13CO2 and 15NO3- (Bird &  Torn, 211
2006). PyOM was obtained by charring the labeled wood at 450ºC for 5 hours under N2212
flux according to Hammes et al. (2006). The chemical characteristics of both labeled 213
wood (13C = 2.05 atom % and 15N = 4.3 atom %) and PyOM (13C = 2.03 atom % and 15N214
= 4.2 atom %) are described in Santos et al. (2012). The C and N elemental composition 215
of wood was 499 g kg-1 and 4.3 g kg-1 respectively. For PyOM, C concentration was 799 216
g kg-1 and N was 7.1 g kg-1. The structure of the PyOM and wood are detailed by 217
magnetic resonance, mid-infrared spectroscopy and mass spectrometry in Chatterjee et al. 218
(2012). The wood and PyOM were uniformly labeled (Santos et al., 2012, Yarnes et al.,219
2011). Both wood and PyOM were ground (<2 mm) prior to soil addition.220
221
In each plot, we inserted 20 cm long and 10 cm diameter mesocosms (polyethylene tubes, 222
smoothed at the top and sharpened at an angle at the bottom) into the soil up to a depth of 223
15 cm from the surface. Each mesocosm had two 4 cm diameter windows (at 7.5 cm and 224
12 cm distance from the bottom and aligned at 120º to one another), fit with 0.7 mm225
stainless steel mesh to allow fungal hyphae and some fine roots to penetrate the core and 226
limit lateral movement of the added substrate (Bird &  Torn, 2006). Mesocosms were 227
placed >1 m from large trees and >0.5 m from the adjacent mesocosms. The mesocosms 228
were installed at the field site in April 2009 and allowed to equilibrate for 180 days 229
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before the addition of the organic inputs.230
231
In October 2009, 13C and 15N enriched-wood and PyOM were applied to the mesocosms232
at a rate of 189 g C m-2 for wood or 397 g C m-2 for PyOM, at 2 cm soil depth and mixed 233
gently with 1–2 mm of mineral soil. The PyOM application rate was based on a previous 234
estimate of PyOM inputs to soil after a fire in a similar forest type (Eckmeier et al.,235
2007b). Unamended-control mesocosms were similarly disturbed to those that received 236
wood or PyOM. Beginning in March 2010, 11.4 mg of NH4+NO3- dissolved in 10 ml of 237
water was added monthly for 10 months (equivalent to 60 kg N ha-1 yr-1) to increased N238
(N+) treatment mesocosms, while an equivalent amount of distilled water was added to 239
ambient N (N0) treatment mesocosms.240
241
2.3 Soil sampling and analysis242
We sampled the intact mesocosms (n=18) 10 months after the PyOM or wood additions243
to the soil mesocosms. The soil within the mesocosms was separated immediately into 0–244
5 cm, 5–10 cm and 10–15 cm depth. Soil fauna, stones (>2 mm), and roots (>2 mm) were 245
manually removed and stored separately. Soil subsamples were air-dried and ball-milled246
for physico-chemical analysis. Soil water content was determined by drying 1 g of soil 247
(n=3) at 105°C for 24 h. Microbial biomass analysis (chloroform fumigation extraction 248
method) was performed immediately after sampling on fresh soil (Vance et al., 1987).249
Total C and N contents in soil samples were determined with a CHN elemental analyzer 250
(EA 1108 Carlo Erba, Italy). The soil pH values were measured on air-dried soil at mass-251
to-volume ratio of 1:2.5 (soil:water ratio) (Jackson, 1958).252
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253
2.4 Soil organic matter fractionation254
We used a density fractionation approach to partition SOM into three main pools that 255
differ in their main stabilization mechanisms and turnover times. For each fraction we 256
quantified the 13C and 15N excess from added PyOM or wood to assess the distribution of 257
PyOM and wood into discrete physical fractions as a means for identifying mechanisms 258
such as organo-mineral interactions. In our study, the free light fraction (fLF) was 259
separated using a density of 1.6 g cm-3 (Cerli et al., 2012, Glaser et al., 2000) and the 260
occluded light fraction (oLF) was separated after gentle ultrasonic dispersion using a 261
sonifier (Bandelin Sonoplus HD 3400, Germany; calibrated according to Schmidt et al., 262
(1999a). We applied 250 J ml-1 of disruptive energy per sample. This rate was based on 263
analysis of oLF yield and C content across a dispersive energy range (0-300 J ml-1, data 264
not shown). For the density fractionation, a subsample (10 g) of air-dried sample (0-5 cm)265
was suspended in 50 mL of 1.6 g cm-3 sodium polytungstate (SPT) solution (TC-266
Tungsten compounds), the suspension was allowed to settle for 1 h and centrifuged (3237267
g, 30 minutes; Heraeus Megafuge 1.0, UK). The floating material (3 1.6 g cm-3) was 268
collected as fLF on a glass microfiber filters with 1.5 μm particle retention (934-AH, 269
Whatman), washed thoroughly with deionized water to remove any SPT (conductivity of 270
supernatant water <50 S cm-1) and freeze-dried. The remaining pellet for each sample 271
was re-suspended in SPT and treated with ultra sonification (250 J ml-1) to destroy 272
aggregates. The suspension was allowed to settle for 4 h, followed by centrifugation273
(3237 g, 30 minutes). The oLF (< 1.6 g cm-3) was collected similarly as above on glass 274
microfiber filters and washed thoroughly with deionized water (conductivity of 275
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supernatant water <50 S cm-1). The remaining dense fraction (DF) was washed until the 276
SPT was removed completely (conductivity of supernatant water <50 S cm-1). It should 277
be noted that DF was not further separated via physical fractionation into sand or clay/silt 278
fractions. Therefore, DF is heterogeneous and the presence of organic matter in DF would 279
not necessarily mean complete organo-mineral interactions. Some part of organic matter 280
present in DF could also be uncomplexed organic matter in sand sized separates. The 281
density fractions (fLF, oLF, DF) were ball-milled to homogenize the samples. C and N 282
concentration was measured with an elemental analyzer (EA 1108 Carlo Erba, Italy) and 283
13C and 15N was measured using an isotope ratio mass spectrometer (IRMS) (Delta S, 284
Thermo Finnigan, U.S.). The recovery of C and N was calculated based on the amount of 285
C and N present in 0-5 cm depth soil after 10 months. 286
287
2.5 Benzenepolycarboxylic acid (BPCA) analysis288
The BPCA molecular marker method was employed to quantify and characterize the 289
PyOM before and after its addition to the soil (Brodowski et al., 2005b, Glaser et al.,290
1998, Schneider et al., 2010). Subsamples (400–500 mg) of PyOM-amended air-dried 291
soil (0–5 cm, n=3) and PyOM (30–40 mg) were pre-treated with 4M trifluroacetic acid (4292
h, 105°C) to remove Fe and Al, followed by conversion of PyOM into BPCAs by nitric 293
acid oxidation (8 h, 170°C). The digested extract was further purified using cation-294
exchange resin to remove any polyvalent cations. The extracts were freeze-dried and 295
subsequently derivatized into trimethylsilyl derivatives to be analyzed on a gas 296
chromatograph (Agilent 6890) equipped with a flame ionization detector and a DB-5MS 297
capillary column (50 m × 0	/
 
 		 
 0	44
 &
 
 +. Each analysis was 298
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performed in triplicate. The acids with 3, 4, 5, and 6 carboxyl functions (B3CA, B4CA, 299
B5CA, and B6CA, respectively) were identified and summed up to represent the total 300
amount of pyrogenic molecular markers in the PyOM.301
302
2.6 Microbial biomass by chloroform fumigation direct extraction (CFDE)303
Moist soil, equivalent of 20 g of oven-dried soil (105ºC, 24 h), was fumigated with 304
alcohol free chloroform in desiccators for 24 hours in the dark (Vance et al., 1987). The 305
fumigated soil and an equivalent amount of non-fumigated soil for each sample was then 306
extracted using 1M KCl (1:5 soil solution ratio) for 1 hour, filtered (Whatman GF 934-307
AH), and extracts stored at -20 ºC until analysis. The total organic C (TOC) in fumigated 308
and non-fumigated extracts were analyzed using a TOC analyzer (TOC-V, Shimadzu 309
Corporation, Japan). A conversion factor of 0.45 (Kc) (Wu et al., 1990) and 0.68 (Kn)310
(Shen et al., 1984) was applied for incomplete extraction for microbial C and N, 311
respectively. It should be noted that PyOM could reabsorbs lysed cells and may influence 312
microbial biomass recovery (Durenkamp et al., 2010, Liang et al., 2010). Nevertheless, 313
the amount of PyOM C contributing to total SOC is inversely correlated to the extraction 314
efficiency (Liang et al., 2010). In this study, the applied PyOM C contributed to 11% of 315
total SOC and therefore, reabsorption of lysed microbial biomass on PyOM is assumed to316
be negligible. 5
13

15N of extracts were analyzed on freeze-dried extracts using 317
IRMS (Delta S, Thermo Finnigan) (Murage &  Voroney, 2007)318
The 13C (‰) of soil microbial biomass C (SMB-C) was estimated as the 13C of the C 319
extracted from the fumigated sample in excess of that extracted from the non-fumigated 320
sample, using Eq. 1 (Murage &  Voroney, 2007),321
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322
323
where Cf and Cnf were the amounts of C extracted from the fumigated and non-fumigated 324
samples (g C g%6
dry soil) and 13Cf and 13Cnf were the 13C natural abundance of the 325
fumigated and non-fumigated extracts (‰), respectively.326
327
The soil under no treatment (control plots) was taken as the reference, and the proportion 328
of labeled substrate-derived-C in SMB was calculated using Eq. 2,329
330
331
where treated-microbes 13C value of SMB extracted from the substrate-treated mesocosms, 332
substrate = 842‰ for wood and 800‰ for PyOM, and control microbes = 13C the value of 333
SMB extracted from the control mesocosms.334
335
2.7 Calculations336
The amount of labeled substrate-C (or N) (PyOM and wood) recovered in the bulk soil 337
and density fractions was calculated for each mesocosms using a two end-member linear 338
mixing model (Eq. 3 and Eq. 4) (Bernoux et al., 1998),339
4. MANUSCRIPT IV 142
16
340
341
where fsubstrate is the fraction of substrate in the soil, soil sample, control soilsubstrate is 342
isotopic valueeither Cor	N, ‰
 of soil sample, corresponding control soil within 343
field replicates, and substrate (PyOM or wood), respectively. C (or N) is the amount of C 344
(or N) in % of the soil sample. 345
346
To calculate excess 13C or 15N values in soil and microbial biomass, we used Eq. 5347
(Dawson et al., 2002),348
349
where Excess 13C or 15N (g g-1 dry soil for microbes) is the total amount of 13C or 15N350
added by labeled PyOM or wood to soil or microbial biomass, atom%sample is the atom % 351
of soil or microbial biomass in substrate treated sample, and atom%background is the atom% 352
of soil or microbial biomass in the control treatments averaged over 3 plots. C or N is the 353
total organic C or N content of soil (g kg-1 soil) or microbial biomass (g g-1 dry soil).354
355
To estimate the potential migration rate of substrate-C in the soil profile, we use Eq. 6356
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357
where dmax (mm) is the maximum depth where PyOM was recovered below its 358
application depth after time t (in years). We estimated dmax as 10.5 cm based on the 359
recoveries of PyOM and wood at depth 10-15 cm (average of 12.5 cm as soil was 360
homogenized) and application depth at 2 cm below the surface. 361
362
2.8 Statistical analysis363
We performed an analysis of variance (ANOVA) using SPSS (IBM-SPSS statistics 20.0 364
package for Mac) to determine the effect of the different input treatments and the two 365
levels of N application, and the interactions between the two factors at different depths 366
(0-5 cm, 5-10 cm and 10-15 cm). Differences in the relative contribution of individual 367
molecular markers and BPCA-C (g kg-1 OC) at t=0 and t= 10 months were tested with 368
independent t test, when the data were normally distributed (Shapiro-Wilk test), and non-369
parametric Mann-Whitney U-test when the normality test failed. Levene’s test for 370
equality of variance was used to determine homogeneity in the data, and significance test 371
was used accordingly. We considered differences between treatments with p҅ 0.05 as 372
significant.373
374
3. Results375
376
3.1 Total C and N and recovery of substrate-C or N in the topsoil377
4. MANUSCRIPT IV 144
18
We observed no change in soil total C in mesocosms (0-15 cm) due to different organic 378
inputs or N (p>0.05, n=3), except in wood-amended soil under the N+ treatment which 379
had a significantly higher total C than N0 at 0-5 cm depth (p = 0.007). Including all depth380
and across all N treatments, we recovered 99.6% ± 0.2% of the initial 13C-PyOM and 381
48.3% ± 4.4% of the initial 13C-wood after 10 months (Table 2). Most of the 13C-PyOM382
(95% ± 1.7% for N0 and 96.5% ±1.4% for N+) and 13C-wood (40.0% ± 13.2% under N0 383
and 44.5% ± 1.4% under N+) were recovered between 0–5 cm. Both PyOM-C and wood-384
C were recovered until the depth 10-15 cm indicating vertical movement with a migration 385
rate of 126 mm yr-1 and 3-4% of PyOM-C and 4-8% of wood-C migrated below the 386
incorporation depth of 2 cm (Table 2). It should be noted that the migration rate of PyOM 387
and wood C could range between 100 mm y-1 to 150 mm y-1as only three depth 388
separation was chosen in this study. We observed no N effect either on the vertical 389
movement (amount or rates) or C recovery for both wood and PyOM.390
391
Similarly, total soil N in mesocosms was not affected by added PyOM, wood or from 392
added N. We recovered >90% of applied 15N-PyOM, mainly at the application depth (0–5393
cm; Table 2). The recovery of 15N-PyOM across all N treatment (93.6% ± 2.2%, n=6) in 394
mesocosms was significantly lower than 13C-PyOM (p30	07	
 More wood-15N was 395
recovered in mesocosms under ambient N levels (88.5% ± 6.4%) than with elevated (N+)396
levels (48.0% ± 6.0%, Table 2).397
398
3.2 Soil organic matter fractions399
145 CHAPTER B. MANUSCRIPTS
19
The average recovery of C and N of bulk soil across all treatments (n = 18) after density 400
fractionation was 88.8% ± 2.9% of total C and 84.8% ± 2.6% of the total N, respectively 401
(Table 3). The loss of C and N is due to mobilization into SPT solution or as dissolved 402
organic C and N during washing of density fractions with water to remove SPT, which 403
were discarded during the process. After density fractionation, we recovered on average 404
all of 13C-PyOM (100% ± 3.7%, n = 6) and 15N-PyOM (100% ± 6%, n = 6), but recovery 405
of 13C-wood (72.0% ± 9.7%; n = 6) and 15N-wood (70% ± 14%; n = 6) was highly 406
variable. The recovery of 13C-wood was significantly lower than 13C-PyOM (p30	07,407
while 15N-wood recovery was highly variable among replicates, leading to no significant 408
difference in 15N-PyOM recoveries. It should be noted that the recoveries of PyOM and 409
wood C and N are expressed as % of the amount recovered in the bulk soil between 0-5410
cm depth after 10 months.411
412
For all treatments, most of the SOC was in the DF. The C concentration and C:N ratios of 413
density fractions increased in the order DF< fLF <oLF (Table 4). Relative to the 414
unamended control, the C:N ratio of both PyOM and wood-amended soil was 415
significantly higher (p30	07
 
 89
 
 89
 "
  , while DF had similar 416
values to the control soils across all treatments. The important contribution of PyOM 417
(22% of total C in fLF and 7% of total C in oLF was PyOM C) and wood (5% of total C 418
in fLF and 3% of total C in oLF-C was wood C) in these fractions explains their higher 419
C:N ratio. We did not observe any significant effects of N treatment on the C:N ratios in 420
density fractions across treatment.421
422
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The distribution of PyOM-C and wood-C among the density fractions after 10 months of 423
their application was not similar (Fig. 1). Under ambient N, PyOM-C was recovered on 424
average (n =3) mostly in the fLF (70.2% ± 4.8%) followed by oLF (22.7% ± 3.9%) while 425
wood C was recovered mostly in oLF (42.6% ± 21.5%) and fLF (39.4% ± 20.8%). The 426
DF showed least recovery for both organic-input C under ambient N but wood C (14.6% 427
± 9.4%) recovery in DF was double as compared to PyOM C (7.1% ± 1.2%). A similar 428
trend was observed in the increased N treatment for PyOM C with 77.4% ± 2.2% in fLF, 429
17.3% ± 1.9% in oLF and 5.4% ± 0.9%. Wood C under increased N treatment, however, 430
showed maximum recovery in the DF (38.6% ± 5.4%) followed by fLF (38.0% ± 11.5%) 431
and oLF (23.3% ± 9.3%). Added N resulted in significantly higher wood C recovery in 432
DF as compared to wood C recovery under ambient N (F = 9.6, p = 0.02) and PyOM C 433
recovery under increased N treatment (F=18.3, p = 0.003). 434
435
In PyOM-amended soils, across all N treatments (n=6) we observed a decrease of 13% ±436
3% in fLF, 4% ± 3% in oLF and 0.2% ± 0.3% in DF in native soil C concentration437
(priming effect - Figure 2). Native soil C concentration in wood-amended soils did not 438
show a significant change in fLF (4.5 ± 4.6%, p = 0.061) or oLF (3.3 ± 3.5%, p = 0.068). 439
Under the added N treatment, wood-amended soil showed a significant increase in the 440
DF-C (0.7±0.3%, p=0.04) and bulk soil (1.3±0.3 %, p=0.01) with respect to zero. Added 441
N did not affect native SOC content or interact with PyOM effects on SOC content (Fig. 442
2). Native soil organic N showed little modification in either wood or PyOM-amended 443
soil. 444
445
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3.3 PyOM quality and quantity using BPCA marker molecules446
The BPCA-C content of the labeled PyOM used in this study was 145.9 ± 6.8 g BPCA-447
C/kg OC (without using any conversion factor) and is similar to standard PyOM 448
produced at 4502
 (Schneider et al., 2010). The BPCA-C content of the labeled PyOM449
mixed with soil (1:137 PyOM: dry soil mass ratio that corresponds to the application rate 450
at 0–5 cm depth) at time t = 0 was 28.7 ± 2.6 g BPCA-C/kg OC. Ten months after PyOM 451
addition to soils, total BPCA-C content in the 0-5 cm depth was not significantly different 452
than at t=0 (28.5± 2.6 g BPCA-C kg-1 OC for N0 and 23.7±14 g BPCA-C kg-1 OC for 453
N+, p>0.05).454
455
We observed a significant increase in benzene tetracarboxylic acids (B4CA, p = 0.004)456
and a significant decrease in benzene hexa-carboxylic acids (B6CA, p = 0.023), and 457
therefore a shift in the relative contribution of individual molecular markers after 10 458
months (Fig. 3). We did not observe any significant change in the relative proportion of 459
either benzene tricarboxylic acids (B3CA) or benzene penta-carboxylic acid (B5CA) and 460
no significant effect of added N on BPCA distribution patterns.461
462
3.4 Microbial C and N463
Microbial biomass C (g per g dry soil) was unaffected by addition of wood or PyOM 464
after ten months in the mesocosms (Table 4). Microbial biomass C declined significantly 465
with increasing depths (0–5, 5–10 and 10–15 cm) averaged across all treatments466
(p<0.05). 13C-wood contributed 6–10% of microbial biomass, two levels of magnitude467
higher than from 13C-PyOM (between 0.14–0.18 % PyOM-13C). 468
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469
Microbial biomass N (g per g dry soil) decreased with increasing depth from 0-5 cm to 470
10 cm to 15 cm (Table 4), except for wood-amended soil under N0 treatment. In the 0–5471
cm depth, microbial biomass N increased (p = 0.09) with added N in wood-amended soil472
(51 ± 17 g N g-1 dry soil under N0 and 89 ± 5 g N g-1 dry soil under N+), while PyOM 473
showed an opposite trend (94 ± 51 g N g-1 dry soil under N0 and 64 ± 30 g N g-1 dry 474
soil under N+) but it was not significant (Table 5). Despite the highly labeled material 475
used in this study, the 15N signal was not detectable from added PyOM.476
477
4. Discussion478
479
4.1 Loss of PyOM and wood by decomposition and downward migration in soil480
We recovered >99% PyOM-C but only half of wood-C in the soil mesocosms after 10 481
months in situ averaged across all treatments, which is consistent with the results from 482
the same site for wood (Kammer &  Hagedorn, 2011). The loss of pine wood C483
corresponds to annual to decadal turnover times, which is similar to that estimated by a484
180 days laboratory incubation of the same wood in two Alfisols of different parents 485
material (Santos et al., 2012) and by a 1 year litter experiment using 13C labeled twigs486
(Beech tree, 1-8 mm) in the same field study area (Kammer &  Hagedorn, 2011).487
488
In the present field study, the mean difference of PyOM stocks over 10 months was 489
approximately 1% of the amount added, but this difference was not significant so we did 490
not estimate a turnover time of PyOM. Nevertheless, we can conclude that PyOM 491
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decomposed much slower than the plant biomass from which it was derived after 492
pyrolysis. Several field and laboratory studies have found PyOM turnover times on 493
centennial scale (Singh et al., 2012). Our results provide in situ confirmation of the 494
relative rates reported by previous laboratory studies. (Baldock &  Smernik, 2002,495
Hilscher &  Knicker, 2011, Santos et al., 2012).496
497
We recovered 3-4% of applied PyOM below the application depth (0-5 cm) suggesting 498
downward vertical movement of PyOM. Leifeld et al., (2007) estimated migration rate of 499
630-1160 mm y-1 in a peat soil with very low bulk density where 21-69% migrated below 500
the incorporation depth in 95 years. Compared to the previously cited study, the soil here 501
was denser, more clayey and so probably less favorable to organic matter transfer through 502
the profile. Nevertheless, the amount of translocated PyOM to lower depth in the present 503
case was higher than Major et al., (2009a) who observed 100 mm y-1 migration rate in a 504
sandy Oxisol under native savanna vegetation with only 0.45% of applied amount.505
Therefore, translocation of PyOM to lower depth in the present case could either be due 506
to soil faunal mixing (Carcaillet, 2001, Eckmeier et al., 2007a, Topoliantz &  Ponge, 507
2003) or leaching. The downward vertical movement could either result in its 508
accumulation at lower depths (Brodowski et al., 2007, Dai et al., 2005, Rumpel et al.,509
2006, Skjemstad et al., 1999) or loss from soil as DOC (Ding et al., 2013, Dittmar et al.,510
2012, Hockaday et al., 2007). On the other hand, we observed that wood C translocated 511
to lower depths is double (4-8%) in comparison to PyOM C. Transport of wood-C into 512
deeper soil horizons usually occurs as dissolved organic carbon (DOC) (Yano et al.,513
2005, Zalamea et al., 2007). This could partly explain the larger amount of wood being 514
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translocated to deeper soil profile.515
516
4.2 Quality of PyOM changes within one year in soil517
After 10 months in soil, the total BPCA-C content of PyOM was unchanged, but the 518
proportion of various BPCAs had changed. Aromatic condensation, measured as the 519
relative contribution of B6CA to the total BPCA-C (Brodowski, 2005, Schneider et al.,520
2010), decreased after 10 months, suggesting that PyOM partially degraded into smaller 521
aromatic moieties. In contrast, Hammes et al. (2008), in a field study, observed a relative 522
increase in the B6CA molecular marker after 100 years in situ (no absolute change) 523
suggesting relative preservation of condensed aromatic structures. Moreover, Schneider 524
et al. (2011) found no change in the BPCAs pattern in a 100-year chronosequence.  It is 525
not clear yet if the changes in the relative contribution of various BPCAs could be linked 526
directly to decomposition mechanism. Abiven et al. (2011) observed an increase in the 527
B3CA at the expense of B5CA between a fresh and a 10 y aged PyOM while Brodowski 528
(2005) also observed similar results in an incubation study on the decomposition of 529
PyOM. The dominance of B3CA and B4CA indicates small aromatic cluster size 530
(Schneider, 2011) and indicates depolymerization of the highly condensed aromatic 531
backbone of PyOM (Kaal et al., 2009). These previous findings, together with our data,532
suggest that PyOM in soil degrades by the breaking of condensed aromatic structures into 533
smaller clusters, at least within the first stages of degradation after the input of PyOM to 534
the soil.535
536
4.3 PyOM was physically associated with the soil mineral fraction after 10 months537
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About one-third of the applied PyOM C was recovered in aggregates (i.e. oLF) plus 538
dense fraction of soil within one year. Studies of the ambient distribution of PyOM in soil 539
fractions, in other words, in soils collected from sites without intentional addition of 540
PyOM also find significant portion of PyOM in these fractions (Brodowski et al., 2006,541
Glaser et al., 2000, Laird et al., 2008, Liang et al., 2008, Vasilyeva et al., 2011).542
However, these studies do not report the temporal scale over which aggregation and/or 543
organo-mineral interaction of PyOM with soil occurs, as they have no data for PyOM 544
inputs to these soils. The present study highlights, for the first time, that significant 545
interaction between PyOM and the mineral phase of soil can occur in situ within a year.546
Glaser et al. (2000) posit that interaction of PyOM and soil mineral phases might stabilize 547
PyOM by aggregation and organo-mineral associations. As one mechanism, oxidation of 548
PyOM surface has been hypothesized to favor its interaction with the soil mineral phase 549
(Brodowski et al., 2006). It was, however, not possible to directly link oxidized forms of 550
PyOM to a specific interaction with soil minerals that led to recovery of PyOM in the 551
dense fraction. Moreover, the presence of PyOM in DF does not mean that all of it was 552
mineral stabilized and PyOM could also occur as uncomplexed sand fraction.553
554
4.4 PyOM accelerated the loss of native C from free light fraction (fLF)555
We observed positive priming in the free particulate native C pool in soil (i.e. in the fLF) 556
by both PyOM and wood, with significantly larger priming by PyOM than wood of native 557
SOC in the fLF. However, there is no consistent effect of PyOM on native SOC across 558
the literature. For example, Santos et al. (2012) did not observe priming in SOM using 559
the same substrates but different soils in an incubation study, which indicated that the 560
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type of soil has an influence on priming effects rather than the organic substrate itself.561
Moreover, Stewart et al., (2011) observed exponential relationship between initial SOC 562
and cumulative soil C primed by PyOM addition with high negative priming at low soil 563
C% and a positive priming at high soil C%. Our study, for the first time, indicated the 564
pool of SOM that is affected due to priming by organic input. The native SOM associated 565
to the minerals is not affected by the input while the SOM that is free or occluded in 566
aggregates decreased significantly within few months. Therefore, we conclude that soils 567
containing a large fraction of free SOM are probably more vulnerable to priming effect.  568
569
One property supporting priming is PyOM’s porous structure which is known to sorb 570
organic substrates (Accardi-Dey &  Gschwend, 2002, Chen et al., 2008, Kwon &  571
Pignatello, 2005, Raveendran &  Ganesh, 1998, Sudhakar &  Dikshit, 1999) and may 572
offer favorable microsites for microorganisms and shelter them against soil faunal 573
predators (Pietikäinen et al., 2000). If so, the physical effects of PyOM amendments 574
could increase microbial activity and lead to increased mineralization of readily 575
decomposable substrates such as the fLF. However, we were not able to detect a change 576
in microbial biomass (see next section), and further research is needed to develop a577
predictive understanding of the temporal course of priming-type effects. 578
579
4.5 No change in microbial biomass580
PyOM addition had no effect on SMB-C 10 months after addition to the soil mesocosm.581
Bruun et al. (2008) observed a similar lack of effect in soil treated with PyOM (14C-582
labeled roots of barley). On the contrary, Steinbeiss et al. (2009) observed a reduction in 583
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microbial biomass in soil to which charred glucose had been added to a forest soil in an 584
incubation study after 4 months. Several studies observed increased microbial biomass 585
and activity in soil (Bruun et al., 2011, Kolb et al., 2009, Steiner et al., 2008) within days 586
to few months after PyOM addition or higher SMB-C in PyOM rich soils compared to 587
control or adjacent soils with no PyOM (Liang et al., 2010). Our study was comparatively 588
longer than the studies cited above (10 months versus a couple of weeks) and therefore589
we cannot exclude the possibility that the microbial biomass could have increased in the 590
first few weeks after PyOM addition and reverted to its initial value over time. Moreover, 591
The present study is the case of a single input of PyOM to the soil without a real wildfire 592
and therefore its effect on the soil properties and consequently on microbial biomass is 593
not similar to PyOM rich soils. In addition, the inconsistency in the response of microbial 594
biomass to PyOM treatment in soil may be attributed to type of PyOM used that differed 595
in the degree of condensation, intensity of pyrolysis and amount of pre-combustion 596
material present in various studies (Zavalloni et al., 2011). PyOM could have influenced597
the extraction efficiency but in our study it would have not resulted in a major change, as 598
the amount of PyOM used was small as compared to total SOC. Our results suggest that, 599
under these conditions, the total microbial biomass is not durably affected by the 600
substrate addition601
602
We observed a small amount of PyOM-C within the microbial biomass 10 months after 603
organic inputs to soil, as did Brunn et al. (2008) and Zavalloni et al. (2011). Kuzyakov et 604
al. (2009) observed a higher assimilation of PyOM (1.5–2.6% of initial PyOM input) by 605
microbial biomass after 624 days of incubation compared to our 10 months field study. In 606
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all these studies, the amount of PyOM incorporated into the SMB was large enough to be 607
detected clearly, and hence indicate that microbes can utilize PyOM as a C source.608
609
4.6 Effect of N fertilization610
The addition of N had little impact on the parameters considered in this study. Under the 611
added N treatment, we observed a significant increase in the total C content at 0-5 cm 612
depth in wood amended soil, higher loss of wood-N, a higher transfer of wood derived C 613
in the DF and a higher N content in the microbial biomass. However, these changes are 614
limited and affect the C and N cycles only marginally. These results are in line with 615
Santos et al., (2012). However, the effect of N addition is often seen in the longer term 616
and these results need to be validated for longer periods. 617
618
4.7. Summary619
The novel use of a dual isotope label for PyOM and wood in this field study provided620
insight into the dynamics of PyOM and wood C and N during the first year after its 621
application to soil. The PyOM C was almost completely retained in the soil, although 622
there was a small but significant change in the overall chemical structure of PyOM. In 623
contrast, 48% of the initial amount of wood C was lost. Our results showed that PyOM 624
persistence in soil need not solely be due to its chemical structure, as one-third of the 625
PyOM C was quickly incorporated into physically protected fractions (i.e. oLF and DF).626
PyOM primed the loss of native soil C in the free light fraction, suggesting a significant 627
loss of decadal C pool of SOM.628
629
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The results of this study recognize the suitability of PyOM to sequester C in soils. C and 630
N losses from PyOM were negligible after 10 months and were hardly utilized by 631
microbes. Moreover, PyOM interacted with soil mineral phase within 10 months which 632
would result in further C stabilization in the soil. In this context, the soil physical 633
properties need to be considered. Nevertheless, the stabilization of C in soil via PyOM 634
amendment could be offset by increased priming in the labile soil organic pool. Also, in 635
the long term, it is important to take into account the losses due to mobilization and 636
transport of PyOM C and N in the deeper soil profile. Our study demonstrated that PyOM 637
underwent modification at the molecular scale with breakdown into smaller aromatic 638
moieties within 10 months. This can also have implication on the stability of PyOM on 639
the long-term. Furthermore, the dynamics of PyOM was not affected significantly due to 640
N addition. The dynamics of PyOM in soil is complex with degradation, translocation 641
and stabilization occurring parallel to each other and needs further mechanistic 642
investigation on the long term.643
644
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Table 1: Physical and chemical characteristics of the soil in the 0 to 15 cm depth. Values correspond to the mean (n=3) and values 998
between brackets correspond to standard errors.999
1000
Texture Bulk density pH CEC Elemental analysis
% g cm-3 mmol 
kg-1
g kg-1 soil
Sand Silt Clay 0-5 cm 5-10 cm 10-15 cm C H N Na Mg Al Si P K Ca Mg Fe
45.5 
(2.0)
24.2 
(2.5)
31.5 
(1.4)
1.20 
(0.1)
1.21 
(0.2)
1.60 
(0.2)
5.9 
(0.3)
74.3 
(8.6)
33.7 
(2.8)
8.9 
(0.4)
2.4 
(0.1)
7.8 11.2 71.6 317 0.3 19.5 4.6 1.4 32.8
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
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Table 2: Recovery of applied 13C/15N-labeled wood or PyOM and excess 13C and 15N in the soil at depths of 0-5 cm, 5-10 cm and 10-1022
15 cm and bulk soil, 10 months after application. The initial C:N ratio of added PyOM was 110 and wood was 115. Different letters in 1023
the same column (within the same depth) are significantly different (p30	07	1024
1025
Substrate Soil depth Bulk soil Excess 13C, mg kg-1 soil
0-5 cm 5-10 cm 10-15 cm 0-5 cm 5-10 cm 10-15 cm
13C-substrate recovered (% of the applied after 10 months)
Wood, N0 40.0 (13.2)a 6.5 (3.9)a 1.6 (0.9)a 48.2 (4.6)a 14.7 (5.3) 2.0 (1.1) 0.5 (0.3)
Wood, N+ 44.5 (5.1)a 2.1 (0.3)a 1.8 (0.9)a 48.4  (8.8)a 14.5 (3.0) 0.7 (0.1) 0.5 (0.2)
PyOM, N0 95.1 (1.7)b 3.1 (0.9)a 1.1 (0.7)a 99.4 (0.3)b 64.0 (8.5) 1.5 (0.3) 0.5 (0.2)
PyOM, N+ 96.5 (1.4)b 2.3 (0.7)a 1.1 (0.9)a 99.9 (0.4)b 71.2 (5.8) 1.5 (0.5) 0.5 (0.4)
15N-substrate recovered (% of the applied after 10 months) Excess 15N, mg kg-1 soil
0-5 cm 5-10 cm 10-15 cm Bulk 0-5 cm 5-10 cm 10-15 cm
Wood, N0 78.2 (3.8)a 7.1 (2.8)a 3.1 (0.8)a 88.5 (6.4)a 0.9 (0.05) 0.1 (0.02) 0.03 (0.01) 
Wood, N+ 35.1 (7.5)b 7.8 (0.8)a 5.1 (2.0)a 48.0 (6.0)b 0.4 (0.12) 0.1 (0.00) 0.05 (0.03)
PyOM, N0 81.5 (2.6)a 6.1 (2.0)a 2.0 (1.0)a 89.2 (0.4)a 2.0 (0.32) 0.1 (0.04) 0.03 (0.02)
PyOM, N+ 89.2 (2.3)a 5.8 (0.9)a 2.7 (0.2)a 97.7 (3.0)a 2.4 (0.21) 0.6 (0.46) 0.05 (0.01)
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
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Table 3: Total C and N recovery of bulk soil and added substrate after density fractionation. Values correspond to the mean (n=3) and1039
values between brackets correspond to standard errors.1040
1041
Treatments Total C recovery, % Total N recovery, %
Bulk soil Added substrate Bulk Soil Added substrate
Wood, N0 88.6 (18) 78.8 (1) 93.0 (17) 45.2 (14)
Wood, N+ 91.4 (4) 67.4 (17) 85.0 (5) 94.7 (14)
PyOM, N0 88.4 (1) 102.5 (10) 83.0 (2) 103.9 (10)
PyOM, N+ 90.4 (3) 106.3 (2) 85.2 (2) 97.8 (9)
Control, N0 86.1 (7) 85.5 (2)
Control, N+ 88.2 (3) 77.6 (5)
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
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Table 4: Total yield (% of soil), total C and N in SOM fractions (g kg-1 fraction) and bulk soil (g kg-1 soil) from 0-5 cm depth. Values 1060
correspond to the mean (n=3) and values between brackets correspond to standard errors.1061
1062
Treatments Density Fractions (g cm-3) Bulk soil
fLF oLF DF
Yield C N Yield C N Yield C N C N
% of soil g kg-1 fraction % of soil g kg-1 fraction % of soil g kg-1 fraction g kg-1 soil
Wood, N0 1 (0.1) 299 (21) 9 (0.8) 1 (0.3) 393 (17) 12 (0.5) 98 (0.3) 20 (2) 2 (0.1) 30 (5) 2 (0.3)
Wood, N+ 3 (0.2) 296 (14) 10 (0.5) 2 (0.3) 404 (8) 14(0.5) 99(0.5) 32 (2) 2 (0.2) 48 (2) 3 (0.2)
PyOM, N0 2 (0.5) 394 (19) 8 (1.6) 2 (0.3) 421 (27) 13 (2.2) 96(0.9) 21(2) 2 (0.2) 41(6) 2 (0.3)
PyOM, N+ 3 (0.2) 387 (32) 8 (0.1) 3 (0.3) 428 (5) 14 (0.5) 95 (0.5) 23 (3) 2 (0.2) 45 (3) 3 (0.2)
Control, N0 1 (0.2) 288 (28) 11 (0.3) 2 (0.1) 393 (9) 15(0.3) 97 (0.2) 24 (2) 2 (0.2) 36 (4) 2 (0.2)
Control, N+ 1 (0.2) 297 (13) 11 (0.3) 2 (0.3) 405 (1) 16 (0.5) 97 (0.5) 24 (3) 2 (0.1) 36 (2) 3 (0.1)
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
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Table 5: Microbial biomass 10 months after 13C/15N-labeled wood or PyOM addition to soil mesocosms across all N treatments.1080
Values correspond to the mean (n=6) and values between brackets correspond to standard errors.1081
1082
* Indicates significant difference (p<0.05) in SMBC with depth for each treatment1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
Treatment Soil microbial biomass C Soil microbial biomass N Excess 13C in microbial biomass C:N ratio of soil microbial biomass
= (Cfum-Cnfum)/0.45, g g-1 dry 
soil
= (Nfum-Nnfum)/0.68, g g-1 dry 
soil
g g-1 dry soil
0-5 cm 5-10 cm 10-15 cm 0-5 cm 5-10 cm 10-15 cm 0-5 cm 5-10 cm 10-15 cm 0-5 cm 5-10 cm 10-15 cm
Wood 699 (86) 581 (86) 427 (86) 70 (11) 87 (6) 51 (8) 0.22 (0.05) 0.23 (0.15) 0.02 (0.01) 9.8 (2.3) 6.9 (1.9) 8.8 (2.1)
PyOM 671 (77) 454 (77) 360 (86) 79 (27) 42 (8) 32 (7) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 8.4 (4.2) 10.9 (3.3) 11.4 (3.7)
Control 661 (77) 496 (77) 417 (94) 78 (10) 63 (7) 12 (4) - - - 8.5 (1.5) 7.9 (1.9) 31.8 (13.2)
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Figure legends1094
1095
Figure 1: Distribution of 13C excess derived from wood or PyOM among SOM fractions 1096
(fLF: free light fraction; oLF: occluded light fraction and DF: dense fraction) 10 months1097
after organic substrates application to the soil. SOM fractions shown are from 0-5 cm soil 1098
depth. The values correspond to the mean (n=3) and the bars to the standard error.1099
1100
Figure 2: Relative changes of native SOC among SOM fractions (fLF, oLF and DF) and 1101
bulk soils 10 months after addition of 13C/15N-labeled wood or PyOM, expressed as 1102
differences from control plots. The error bars represent standard errors, n=3.1103
1104
Figure 3: Relative contributions of individual BPCA marker molecules (left, y-axis as 1105
bars) and total BPCA-C contents (right, y-axis as circles) in fresh PyOM, PyOM mixed 1106
with soil before (t =0) and 10 months after the experiment started under ambient N (N0)1107
and increased N (N+) treated soils. Different letters indicate significance difference 1108
(p<0.05). The values correspond to the mean (n=3) and the bars to the standard error;1109
B3CA = benzene tri-carboxylic acid, B4CA = benzene tetra-carboxylic acid, B5CA = 1110
benzene penta-carboxylic acid, B6CA = benzene hexa-carboxylic acid. 1111
1112
1113
1114
1115
1116
1117
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